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CHAPTER 1 - SCOPE, OBJECTIVES, AND BACKGROUND

Sec. 1.1 - SCOPE OF THIS WORK

Purpose of this work is to formulate, within the frame-
work of a thermal theory, basic laws governing the nonlinear
dynamics of solid propellant burning. This implies that:

(1) findings Phould be readily extended to other cases
of heterogeneous combustion; in particular the results
are not dependent on the nature of solid propellant.

(2) new flame models are not being proposed, rather a meth-
od is offered to judge how good any unsteady flame mod-
el is.

(3) information regarding steady state solutions is found
as a particular case.

(4) interactions combustion/fluid-dynamics (e.g., in a rock-
et combustion chamber) are not considered.

By making the usual set of assumptions (see Sec. 2.1), one
is reduced to study the stability properties of the nonlinear
heat conduction equation in the condensed phase (the standard
Fourier partial differential equation with time-varying boundary
conditions). This is done by an approximate analytical technique,
but keeping the nonlinearity of the problem. It will he shown
that a nonlinear algebraic function, called static restoring
function, can be determined defining nonlinear static and dynam-
ic burning stability boundaries for finite size disturbances.
These boundaries are valid for any kind of transient burning
(e.g., depressurization or deradiation).

No attempt is made to explain or predict the steady flame
structure of burning propellants. This is supposed to be assign-
ed in terms of burning rate vs pressure (experimental data) and
flame temperature vs pressure (thermochemical equilibrium compu-
tations). This information, in addition to a proper flame model,.
is enough to define the fundamental nonlinear burning stability
properties of solid propellants.

This stability analysis can be applied to any flame model
and solid propellant composition, but the actual numerical values

Ido depend on the specific flame model and solid propellant compo-
sition chosen. The results can be verified by computer simulation
(i.e., by numerical integration of the basic set of governing
quations) and/or experiments. While plenty of computer results
are already available, the experimental part of this work starts
just now to provide results.

This final technical report comprehends and supersedes
the previous annual technical reports. The opportunity is
taken to review the theory and summarize most of the nume-
rical and experimental findings by our research group. The
complete literature so far published by this group is listed
as Refs. 1-19.
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Sec. 1.2 - OBJECTIVES AND PLAN OF PRESENTATION

Consider the physical system of Fig. la representing
a strand of solid propellant, subjected to a radiant flux
impinging with instantaneous intensity (1-r).IQ(t) on its
surface, burning with instantaneous rate R(t) in a semi-
closed vessel at instantaneous pressure P(t) and ambient
temperature T_..The overall problem of transient solid
propellant combustion consists of predicting the burning
rate history in time.

Specific objectives of this study are:

(1) distinguish between static and dynamic burning regimes.
(2) define and evaluate nonlinear static stability bound-

aries.
(3) define and evaluate nonlinear dynamic stability bound-

aries.
(4) define and evaluate nonlinear pressure deflagration

limit.
(5) predict number and nature of static solutions.
(6) predict dynamic extinction, including overstability,by

fast depressurization and/or deradiation.
(7) predict self-sustained oscillating burning regime.
(8) is there a univocally defined ignition boundary?
(9) what is the influence of the implemented flame model

on the above predictions?
(10) what is the influence of the implemented integral meth-

od on the above predictions?
(11) numerical and experimental verifications of the above

predictions.

First, a literature survey of the problem is offered
in Sec. 1.3. Then, the basic set of assumptions and equa-
tions is illustrated in Secs. 2.1 - 2.3; the transformation
of the PDE into an approximately equivalent ODE is performed
in Sec. 2.4; properties of the resulting nonlinear algebraic
restoring function are discussed in Sec. 2.5. Static and
dynamic burning stability are respectively treated in Sec.
2.6 and Sec. 2.7; the self-sustained oscillating regime is
illustrated in § 2.7.3. The point on the status of the
theory is made in Sec. 2.9. Numerical computations verify-
ing the analytical predictions are reported in Sec. 2.8.
Experimental results are summarized in Ch. 3 (ballistic ex-
periments) and Ch. 4 (laser based optical techniques). Con-
clusions and suggestions for future work are collected in
Ch. 5.

References, nomenclature, tables and figures are given

at the end of Ch. 3 (ballistic studies) and Ch. 4 (laser
techniques).

V -~--- - ~-
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Sec. 1.3 - LITERATURE SURVEY

The question of solid propellant burning stability in
general and dynamic extinction in particular has been well
debated in the relevant literature (Refs. 20-77), but few
works have been really constructive. The erroneous applica-
tion of the quasi-steady gas phase assumption, the strong
limitations of linearized theories, and the empirical na-
ture of most of the proposed extinction criteria are the
most serious drawbacks in this area.

In this work, quantitative criteria for nonlinear stat-
ic and dynamic stability of burning propellants are defined
by means of flame models. The integral method of Goodman
(Ref. 78) is implemented in order to apply known mathematical
methods to the resulting approximate ODE formulation of the
problem. The same method has already been applied (Ref.76)
to particle burning; somewhat simpler use has been made at
Princeton (Refs. 79-80) on solid propellant rocket engines.
The concept of using the simpler ODE formulation of the pro-
blem, instead of the ODE one, is relatively common in Soviet
literature. However, the method of transformation is rather
different; an interesting review of the mathematical problem
was made by Gostintsev (Ref. 81). The approach has been ap-
plied mainly to ignition, unsteady burning, and stability
problems. Remark that the Soviet approach differs not only
in the mathematical details, but especially in the structure
of the physical model. Instead of usino a flame model, the
Soviet investigators resort to the Zeldovich method (e.g.,
see Ref. 47), consisting of constructing the instantaneous
thermal gradient at the condensed phase side of the burning
surface from experimental steady state data. However, this
method is useful in establishing intrinsic stability bounda-
ries, but in principle cannot be extended to obtain stabili-
ty boundaries.

S 1.3.1 - Nonlinear Dynamic Extinction by Fast Depressurization

At Politecnico di Milano several years of efforts (Refs.
1-19) were dedicated to the question of dynamic extinction
driven by fast changes both of pressure and/or radiation.
Following a line of research initiated at Princeton (Ref. 3),
an original approach, based on a nonlinear burning stability
analysis, was developed within the framework of a thermal
model of thin (quasi-steady) heterogeneous flames (Refs.1-3).

.4 This analysis was applied to the specific problem, among o-
thers, of predicting the minimum burning rate (lower dynamic
stability point), in function of pressure, under which ex-
tinction of the burning solid propellant necessarily occurs
independently on its past history (Ref. 4). The limitinq
burning rate is a property strictly dependent on the nature
of the reacting substance; but it is affected by the operat-
ing conditions, such as pressure, ambient temperature, and

_W':77 T
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heat exchange with the environment. This extinction cri-
terion, suggested in 1975, is valid instantaneously for
any monotonic decrease in time of both pressure and/or ra-
diation. Improvements and extensions of the proposed theo-
ry including numerical and experimental checks, are under
progress (Refs. 9-19).

Although dynamic extinction might occur under a varie-
ty of conditions, due to the pioneering work of Ciepluch
(Refs. 20-22) in 1961, only dynamic extinction by depres-
surization appears largely analyzed both experimentally
and theoretically (Refs. 20-57). Unfortunately, the under-
standing of this phenomenon is still little satisfactory.
No criterion whatsoever is found in the literature for the
case of dynamic extinction by fast deradiation reported
by the Princeton group (Refs. 58-59). Ciepluch (Refs.20-22)
conducted one of the first systematic experimental studies
of depressurization transients in a laboratory combustion
chamber closely simulating conditions of an actual motor.
Fast depressurization was obtained by suddenly opening a
chamber vent hole. Initial chamber pressure in the range
34 to 82 atm and ambient pressures down to 3.5 ]mm of mer-
cury were explored. The burning transient was followed by
measuring simultaneously combustion luminosity (primarily
in the visible range) and chamber pressure. Several AP-based
composite propellants were tested; few data on double-base
compositions were also reported. The following conclusions
were reached:

(1) a critical depressurization rate exists below which
burning continues and above which extinction occurs.

(2) the critical depressurization rate increases linearly
as the chamber pressure prior to venting increases.

(3) the critical depressurization rate is substantially
affected by the propellant composition.

(4) reignition may follow extinction if the depressuriza-
tion is not too fast and/or nozzle back pressure is
not too low.

For a critical review of papers on dynamic extinction
by depressurization offered until 1969, the reader might
consult Merkle (Ref. 29). Papers dealing mainly with rocket
engine extinguishment, rather than just a semi-closed vol-
ume (no combustion/fluid-dynamics coupling), are neglected
in this review. The papers by Von Elbe (Refs. 23-24) should
be noted; an analytical expression given by Von Elbe for
the critical depressurization rate has been rather widely
used. Although later proved wrong by Merkle (Ref. 29) and
Krier (Ref. 42) on different arguments, this expression
for dynamic burning rate

" L gj. .-
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(1.3.1.) = + 2 n ac dP(t)

a L P(t) . dt

and others of the same nature are still being used, mostly
for practical applications. In particular, the critical de-
pressurization rate is given by

(1.3.2) dP(tl = I  P(t) adt 2 n cc

being K the steady, unperturbed burning rate. This and sirti-
lar expressions are meaningless from our point of view. A de-
tailed critical review of this type of oversimplified transi-
ent burning models was given by Krier (Ref. 42) , who generaliz-
ed the previous expression for dynamic burning rate

(1.3.3) 9 (t) = 1 a

L sP t) 2 dt

beingj = const for several investigators (e.g.'k = 2 in Refs.
23-24). Krier analytically showed that actuali-,; 'is a func-
tion of burning surface properties and pressure Jump, and that
this function can be computed a priori for each propellant. How-
ever, relationships of the type of Eq. 1.3.3 are restricted to
small values of dP(t)/dt and small excursion of (t) with res-
pect to q. Therefore,they are of no use for dynamic extinction
problems.

Two excellent contributions should explicitly be mentioned.
Merkle (Ref.29) pointed out several mistakes crept in the literature,
furnished a new quasi-steady flame model and recognized that dy-
namic extinction depends on the entire P(t) curve. However, he
did not formulate an extinction criterion, since a critical val-
ue of surface temperature (T. = 600 K corresponding to Bs = 0.43
for the propellant AP/PBAA No. 941 taken as datum case in this
study) was empirically picked up below which chemical reactions
are considered too weak to sustain the deflagration wave. A paper
by T'ien (Ref. 38), in 1974, is the only one aimed directly at e-
stablishing an extinction criterion for fast depressurization.
T'ien argues that heat losses are the mechanism for both static
and dynamic extinction of solid propellants; this view is not
fully shared in this instance. However, T'ien concludes (Refs.
38-40) that for depressurization transients, if the instantaneous
burning rate drops below the unstable burning rate solution at the
final pressure, extinction will occur. T'ien derives his quantita-

" tive criterion from another study by him of flammability limits

of premixed flames under the influence of environmental distur-
bances (Ref. 39). A somewhat similar result has been found in
this investigation (Refs. 1-19), but by a completely different
approach.

The line of research evolved within the framework of Zeldo-
vich method (Refs. 43-44) is of limited value. Istratov et al.
(Ref. 45), in 1964, used an integral method in order to determine

I
I
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an approximate solution to the unstcady nonlinear energy e-
qua.tion in the condensed phase of a propellant burning with
constant surface temperature. Extinction was assumed to oc-
cur when the surface thermal gradient on the condensed side
exceeds a critical value corresponting to the static stabili-
ty line. This is mistaken, since nothing can be said a priori
about dynamic burning in a range of burning rate that is sta-
tically unstable. Novozhilov (Ref. 46), in 1967, improved the
previous model. by considering a variable surface temperature
and recognizing that dynamic burning is allowed also in the
range of parameters wheru statically stable solutions are
not found. Extinction was then assumed to occur when the burn-
ing rate at the final pressure drops below a limiting value cx-
perimentally established in nonstationary burning conditions.
This "ad hoc" criterion, if feasible, would rely on very del-
icate experimental results.

The question of a possible early warning of extinction
during a depressurization transient evaluated via the Zeldo-
vich method was examined in a paper by the Princeton group
(Ref. 47) in 1971. The possibility was chcck: d that the cross-
ing of the static stability boundary is sufficient to subse-
cluently produce dynamic extinction. No clear answer to this
question was given. In our opinion the static stability bound-
ary has only secondary relev ince in a dynamic situation. In-
deed, according to the same Princeton reference, "the dlynam-
ic conditions of extinguishment tend to shift the stability
line" (pag. 257 of Ref. 47). Further extensive work in this
area (Ref. 40) failed to reach more significant conclusions.
Finally Novozhilov (p. 216 of Ref. 49), in 1973, observed that
this "question requires certain information about the proper-
ties of the system outside the area of smooth burning. Such
information cannot be obtained from experiments on steady state
combustion. For the calculation of unsteady conditions in the
unstable region it is necessary to draw on certain schemes of
combustion, which make it possible to predict the properties
of propellants beyond the static stability limit". Further
work by Soviet investigators (Refs. 50-56) offered fresh expe-
rimental information and theoretical considerations, but fail-
ed to define a physically sound extinction criterion.

Experimentally, the results reported in Refs. 24 and 29
(go/no-go boundaries), Ref. 32 (flame structure during depres-
surization), Ref. 34 (flame temperature and emission spectra
during depressurization), Ref. 54 (condensed phase temperature
during depressurization) are the most interesting. They allow
detailed and reliable comparison with analytical and numerical
results. Obviously, the most wanted result is the burning rate
history during depressurization transients. Unfortunately, no
reliable data exist yet in this particularly difficult area of
investigation, although a large number of contributions have
been offered. For a good summary of the results so far obtained
and a critical discussion of the techniques implemented, the
reader might consult the excellent review given in Ref. 57.

_aV
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Experimental results are often ambiguous to interpret
due to the interplay and overlapping of several factors;
attenticn is preferably focused on data collected from la-
boratory burners (rano-ing from depressurization strand bur-
ners to simulated rocket combustion chambers) rather than
actual rocket motors where fluidynamic effects may be do-
minant. However, even results from laboratory burners are
not easy to compare due to: implementation of different ex-
tinction criteria, diagnostic techniques,and operating con-
ditions; scattering of results; confused theoretical guide-
lines in data handling.

In the pioneering work by Ciepluch (Refs. 20-22) the
critical boundary between (permanent) extinction and conti-
nued burning was found, with a go/i o-go technique,to be a
straight line in the dP/dt vs Pi (initial pressure) linear
plot. Further data were provided, among others, by Von Elbe
and McHale (Bef. 24) in an effort to substantiate Von Elbe's
theoretical predictions (Ref. 23). They tested three AP-based
composite propellants in a depressurization strand burner
(300 cm 3 internal volume) furnished by frangible diaphragm
(ruptured by a solenoid driven plunger) and orifice plate to
control the denrcssurization rato. Flame luminosity in time
was monitored with a photodiode simultaneously to pressure
decay; initial pressures from 33 to 5 atm were used. Von Elbe
and McHale plotted dP/dt vs P at extinction (as determined by
zero luminosity); the critical boundary was found to be
straight in a 1g/1g plot.

Merkle and Summerfield (Ref. 29) oroduced a rather com-
plete set of data by systematically testing several AP compo-
site and one catalyzed DB propellants. A special laboratory
combustor was designed to minimize erosive burning effects
and to cause monodimensinal "cigarette" burnino of the sam-
ple. Fast pressure decay was obtained by rupturing a double
diaphragm systm. The exhaust gases initially pass through
both a primary (large) nozzle and a secondary (small) noz-
zle; the small nozzle controls the chamber pressure as long
as the diaphragrroremain in place. When the diaphragms are
removed, the small nozzle also is removed (being located in
the double diaphragm apparaltus). By properly combining noz-
zles of different diameters, the initial pressure level as
well as the depressurization rate could be varied. Pressure
and light emission (as seen by a photomultiplier in the
visible) were simultaneously recorded. Extinction was con-

.P1 sidered to occur when zero light emission from the flame
could be observed. Initial pressures in the range 75 to 14

4€ atm were explored. Venting was always to atmospheric pres-
sure; because of this, reignition was nearly always observ-
ed. The following conclusions were reached:

(1) the critical boundary between extinction (permanent or
temporary) and continued burning was found,with a go/
no-go technique,to be always straight in the dP/dt
vs P linear plot.

-n7
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(2) increasinq AP loading from 75% to 82.5. makes the pro-
pellant more than twice as difficult to extinguish (in
terms of initial: i.e. maximum, dP,/dt).

(3) increasing AP particle size from 45 to 180 u.r (unimodal
distributions) makes the propellant easier to extin-
guish (for a fixed loading of 75% AP).

(4) little difference was observed when PBAA, PB3CT, and PU
binders (for a fixed loading of 80% AP) were tested.

(5) aluminum (16 wn particles) addition up to 15% makes the
propellant slightly more difficult to extinguish (for a
fixed compositicn of A1P 77.5%/binder 22.5%); but the op-
posite is true for Pi < 27 atm.

It should be remarked that some of those conclusions (AP par-
ticle size and binder type effects) may be in conflict with
other experimental. studies in which, however.,permanent extinc-
tion was recorded. Mcrkle and Summerfield adopted the perma-
nente extinction criterion only for the catalyzed DB test,
since no visible radiation can be detected from DB burning
at low pressures. They found that:
(6) the tested catalyzed D13 propellant (N-5 composition)

is much easier to extinguish than any of the tested A\P
composite propellants.

Interesting and detailed observations on the flame struc-
ture of composite propellants during dcpressurizaticn were re-
ported by Selzer and Steinz in a series of papers (Rcfs.
32-33). They showed that, regardless of the depressurizat-ion
'ate, the flame intensity (as seen by spectral emission from
01 O1, N1, CN, Na lines and carbon continuum) falls to zero soon
after the impact of the first rarefaction wave on the burning
surface. This is possibly followed by the appearance of an
incipient flame, after a time span of the order of the condens-
ed phase thermal wave relaxation time, if the depressurization
rate is not too fast. Marked pressure oscillations are obscrv-
cd when this secondary flame develops, the flame decay being
otherwise exponential. The authors further claimed that the
adiabatic expansion of the flame quenches the active gaseous
chemical reactions; this would explain why the first zero in-
tensity of flame radiation is noticed when the instantaneous
pressure has dropped only to about 70% of the initial pres-
sure. The average O/F mixture ratio was observed to be higher
during some part of the transient burning than during steady
state, due to preferential consumption of AP particles ex-
posed on the propellant surface; the binder surface looked
molten and not thicker than a few microns (for depressuriza-
tion tests from 45 to 1 atm with AP 76%/PBCT 24% composition).
The implication is that the binder gasification is the first
to suffer the effects of a pressure expansion. It was stres-
sed that during depressurizations AP may undergo important
postreactions in the condensed phase, which would distort the
O/F mixture ratio with respect to steady state and cause 3-D
effects.However, it was later concluded that more important

$ [- - . . *~-- -
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steps are the easiness of gas reactions and the decomposi-
tion mechanism of binder. It was finally confirmed, in a-
greement with Ciepluch (Refs. 20-22) and Merkle (Ref. 29)
that conditions at the end of the depressurization proc ss,
i.e. the final shape of the pressure history and the ex-
haust pressure, can oe determining in extinction.

§ 1.3.2 - NonLiiiua dvwa .i-C cxtLJn tien by .... st ctI__a tion

Studies on dynamic extin-tion by fast deradiatioo
overlap with these on radiati-co gfnition. Oh]emillo , ai-
Princeton University in 1970, first observod dynamic ex.-inc-
tion by fast deradiation while constructing ignition map of
noncatalyzed DB (a NC composition) by a CO-) laser source,
providing up to 120 cal/cm>'s at the tara et, in the ranqe 3
to 34 atrm of nitrocen. It seems that, independently, the di-
scovery was made in USSR by Mikheev in hisc Cardidate's Dis-
sertation appeared about at the same tim<. (1970), but un-

* available to this writer. From successive work published in
the open literature, one would guess that .Mikheev's data
concerned uncatalyzed DB propellants tested in a furnace at
low radiant flux (few cal/cm2) at 1 atm of air or nitrogen.
Supporting evidence for the dynamic character of this pheno-
menon and further cxperimental dz:ta were successively offered
mainly at Pri nceton University (Refs. 3,58-59 ) and in USSR
(Refs. 60-63 and pp.173-.187 of Pet. 64). The radiative pulse
experiment on steadily burning propellants, reported in Ref.
58 , was suggested by Yu. A. Gostintsev during a stay at
Princeton University.

Theoretical considerations (Refs.58,00,62-63)were of-
fered mainly in the framework of Zeldovich approach. Hlow-
ever, just as in the case of dynamic extinction by fast de-
pressurization, the Zeldovich stability boundary is not
meant to apply to transient burning stability. The dynamic
stabil-ty boundary for fast deradiation was shown to coin-
cide with that for fast depressurization in Ref. 1 ; de-
tails will be given later in .2.7.1. No other attempt to eva-
luate the dynamic stability boundary for fast deradiation is knrn to this
author.

All successful experimental results collected at Prin-
ceton University concern radiation by a 100 W continuous
wave, multimode CO2 laser emitting at 10.6 Ltm in the far in-
frared. Cylindrical samples of propellant were tested in a

strand burner with two optical windows for high speed cine-
matography and light emission recording (both visible and
infrared photodetectors were available). Two mechanical
shutters (of iris leaf type) provided a trapezoidal radia-
tion pulse, the action time of the shutters could be requ-
lated from 1 to 10 Ms. Dynamic extinction of steadily bi-:n-
ing samples (ignited by hot wire) subjected to laser pulse
was observed for two fl13 uncatalyzed compositions, but it
could not be seen for thu tested DB catalyzed propellant

* : T -
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(Ref. 58). Experiments were made up to 11 aLm of nitrogen;
the minimum pulse length requiree for extinction, determin-
ed by a go/no-go techniqule, was found to increase with
pressure but decrease wit) radiant flux intensity; the ra-
diation cut-off time was 2 ms for all tests; experiments
in air were not conducted; composite propellants were not
tried.

Ignition tests were perfori-ed, in the range 5 to 21
(sometimc-s ueto 34) altm of nitrogen or air, for 12 propel-
.ants representative cl sae.a] classes (uncatalyzed and
catCalyzeci ;h, unmetallized and metallized ! P composite,
IIMX composite) both with laser and arc image furnaces. Dy-
namic er.'tin(ution asscciated with ignition was again observ-
ed only for several uncatalyzed DBJ conipositions with 0, 0.2,
and 1% carb.-rn addition (Refs. 3 and 59 ) . Ignition bounda-
ries, detcer:ined by a go/no-go technique, revealed an igni-
tion corri(lor bounded essentially by two parallel straight
lines in t]he ig radiant huating time vs ig radiant flux
intensity plot. The lower boundary defines the minimum ex-
posure time for self-r;ustained flame propagation; it is

-not afiected by a.mbient atmosphere (air or nitrogen) and
-adiation cut-off time. The upper boundary defines the cri-
tical (i.e. maximtu,) ue:posure Lime above which a radiation
overdriven flame extinguishes when the external radiant
beam is removed; this boundary is strongly affected by the
ambient atmosphere(extinction occurs in air but not in ni-
trogen) , pressure (increasing pressure wijens the ignition
corridor) , radiation cut-off time (slow cut-off widens the
ignition corridor). For pressures less than 1i1 atm the ig-
nition corridor was totally wiped out. All this was con-
firmed by high speed movies and photodetectors. However,
the same propellant eo:tinquishable at the laser apparatus
could not be extinguished when tested, in similar operat-
ing Conditions, at an arc image apparatus. This used as
source a 2.5 kW high pressure xenon arc lamp with spectral
emission in the visible (similar to sunlight, peak near
0.55 wLm), except for some nonequilibrium high intensity
bands in the near infrared. Tests at the arc image appara-
tus were conducted only for ignition runs. The different
results obtained with noncatalyzed DB propellants with the
two radiative sources were mainly attributed to different
optical properties (volumetric absorption and scattering
are strongly wavelength dependent; noncatalyzed DB propel-
lants are much more opaque in the far infrared than in the
visible) and larger radiant flux cut-off time with the arc
image apparatus (about twice with respect to the laser ap-
paratus). Other minor differences were also operative: spa-
tial structure of the radiant beams (less sharp with the
arc image source), sample positioning (protruding from a
metallic holder at the laser apparatus but flush at the
arc image; this may cause heat sink effects), different
beam geometry (collimated and perpendicular for laser but

-7 1,.
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convergjing and oblique for arc image) . The different re-
suits between noncatalvyzed DB vs catalyzcA D13 and h.11 comn-

aposite propellants, ob-served at- both laser and arc imtage,
apparatuis, Werec attirib)Uted t~o different flame structure
(both catalyZed DB and /AP comqpos-ite propellants, fea~ture~
l arge heat feedback from-, the gas phase wit), respect t.(
heat release at tehrigsur face; th., will be sihOwn

to be sabili.rg an difret radiation interaction!
wi th the comb)ustion pro du Ct.!s (radi,2ation is gently termi-
nated and effectively lern'n Iycroaeusfn:

and particul t~e gen(era ted 1D'' the burnin-,i sn mplcs, t'!ois is
specially true for catalyzed IDB propullants). flowevor, it
Is expected, i principle, that all propel lant s s-houjld m
nifcstate daynaic extinction by fast derad!icltion if ties ted
in the appropriate range of operat-ing condlitions.

To the best of the author' s 'knowledge, the only easi-
ly ava-ilable Soviet pape~r with detailed experiniental dfata
on dynamic extinction by fast deradiation is the one bDy
Mikheev and Love ashov (Ncf. 61 ) . Data reported conccrn (a
DB composition, aithout and with carbon addition (1'.) , at
I atm of nitrog)_,en suje(cted to Lolw- (.c 10 cal-/cm _s) rnodiint
fl'ux from an e lectrien 1 ly heated incandescent cgraphi t
plate. Mkechanical shutac:rs , w it12 about 30 ms acti on tLime,
wOeX (0 0used to Control t11( pule Jun( 'th. Thre--e typos of ex-
peri.tcn1ts we-re pifr a*agnitioen, madi auion pulse of pa-
ramotrically varied6 dur ation on steadily burning mjLs
radi at '.on pulse of para:meti cally varied intensitLy oll stica-

* di ly burning scamples;. Di mtion runs showed the farni Ii J r igj-
nition corridor j ust di scussed (cf. Refs. 3 and! 59, . The
second experimant showee,- a decrease of criti cal (Mirn 1L]Mm
value leadinQri to extinctLon) duration of radiant pulsc for
increasing flux intens.i ty . The thi iA experiment showe~d cr1--
tical (minimium value leadinrg to extinction) radi.a )Lt flux
intensity increasing for increasing initial1 temperature
(20 0 C or 100 c)C) and for increasing transparency of the

* sample.

Interesting experimental- data on transient burning
4 14 arid surface structure during and after deradiation w ere2

provided by Mikheev et al- in a successive paper (pp. 173--
187 of Ref. 64 ) . They used an arc image furnace (the source

* was a xenon lamp of 10 kI) capable of a radiant flux from
w;4 1 to 10 cal/cm2 s. Experiments on a DB propellant and pres-

sed nitrocellul-ose samples, both without and with 1% car-
bon addition, were carried out at 1 atm, of air or nitrogen.
Mechanical shutters with an action time < 2 ms were used
to send trapezoidal (square as seen by samples with large
thermal and reacting layers rel.axation times in the condens-
ed phase) radiation pulses on target. Ignition, fast dera-
diation, and fast irradiation experiments were performed.
A capacitive transducer system was set uip to record the in-
stantaneous strand weight and, by inference, the unsteady
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mass burning rate; the f requency passband of the system
was 0 to 250 l1z. With the D13 + lit C propellant (a=100 cm-1)
dynamic extinctiorn was observed for tu-sts in ni trogcn; re-
ignit:ion would occur for tests in ar; rci n ition w.-ould
not occur for tests in air w,.ith restricted sam, ples; self-
sustained burning was oscill.&Lory in character (16-20 Hz)
For the DB propell aiiL wi L!hokit carbon a duition (a= 10 cm)
dv-iamic extinction couldL not I-) obtain(d (recall:
racdiant. flux way 10 cal! cm'1s) ; self-sustained burring
was agaiLn osci la tory (10 H7) . lor both propellant s , -..Aen
deradiatioxi occurecl the uri s,,rface was immr,,ediateJ y
covered with a dense distribution (100%O'L for DB + 1", C and
5 0% for DB w.i th out ca.rbon) o f bbles (0 .1 mmui oar'1mt er)
The0 authors suggesLect that thir;' may be associated w:ith
gas evolution breach, in theo subsurface layer, caused by
th e sharp burning rate dcrease. The authors fur Llir em-
pnasi-zed the multidimensional nature of phenomienja occur-
ing at and near the bur~ning su,,rface; unsteady and nonuni-
form character of burning surfr:lce, on microscalc levol,
even for steadcy coithistio .n; low, frequency (10-20 Hz) burn-
ing associated with coindensed thErmal wave relaxation tim~e,
hicgher frequelic~y (50 to 100 Hzi) bcinag probably associated
with local small scales of burning suriace.

9 1.3.3 - Nonlinear coscillatixq combustion

The origi-nal work of Huffington (Refs. 65-66) on chuf-
f ing and osc:i'Iilauory hoarning of cordite coo,)s b~ack to the
beginning of- the '50. Experji mental results3 and a thcornti.cal.
interpret ation, in terms of condiensed phiase therm.-l ex, 'lo1-
sion, were uiven for both phenomena. The prcoposedl mechanism
for os;cillaitory burning of corda Le is the successivc explo-
sion, assisted by gas phase heat feedback, of diFsCrete_ sur-
face layers of decreasing thickne-_ss with. increasing ores-
&ure. The Frank-Kamniocts kii thermal e~xplcion theory (Ref.
67) was extended to consider a wonodimensional slab of de-
composing explosive, enclosed between two parallel walls,
with one suirf ace (hot b)ounclary) subjected to a constant
rate of heat transfer wiethe other (cold boundary) is
ma-intained at a constant temnuerature. For cordite this tem-
perature was taken as the melting temperature (460 K) ; for

'1 other cases it was just the ambi ant temperature. The solu-
tion deteurmines, for a given heat transfer rate to the burn-
ing surface, the critical slabo thickness and surface tempe-
ratu-re above whi-'ch the volumietric decomposition develops to
explosive rates. These critical values were found to depend
on the dimensionless parameter E c /(qT_,,being F the activa-
tion energy of the distributed exothermic reac~ion (assumed
of Arrhenius type) in the condensed phase and T _"the cold
boundary temperature. The theory was quite successful in
predicting, at 20 atmn, a thickness of layer burnt off in a
single explosion of about 50 lin and a frequency of about 40
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liz. '±his theoret :Lcal aroh, mirkle25 "i sao, suffers
today the know,,n liiitt&I~in oif the rnkamntiiLp:of theor-y.

A r cIa t-i 1 y .1 r q(R ai :1W n t o f wor k o n o sc(-i 11 a tco r y l-i n n
of sevoral recieotrasincluding DB and A-ae c;;'-
s i t r pch. 1. a t1. I A I I , t or e b-i 2( )y So :1.e( L .i n \7 c t iia . :s . A , <o
rev,7iew, BioE:Lly IoCUui on1 th'le th c2oretical a spjects of qhiV (l-
tion , is co aindin iivniI i onograph on soliid propel I:: L

buningq (1Ref. 49 ) . -n patic la, a numerical so]ltr-r for h
un S Izeady propca i LiJ on oll. -, c:x :c ii c rejac L ion frn in a gas-

les r','ten cononedpla!c circ' euat!on coU1)led witha a (

tributed chxe ;ical ruact] ani r ... e ai of Arirehnius ty",L!) '
9 iven in 1 971 C f O6B) . The 1 )I jII "gemOin1 ~l2O/kdr
au thoin , to cvi 1!- t. h2 te o -;c C- C, C), la 1 0 T1 0oibi D! on er ved I clx Ll

T.?ide coirli no aton 0, t] I C i ivan rr t( ,relicso on~ the "cx-
Cess eiitlia ]py" of the, s U ad Iiv Lnconti i. froit aLS
conmpared wi. Lii the enLi I f- t he 1initia ju IhcxiaI. jrovich
and 1;akhviiadzk hll 9 to(ch- ui this1~~1, ii, 1 197 4; th ey
simpi fied tho- sIuc iscr hy ( nr ' CC cc] 1OlseciC chei.,ii--

cal laer ;paraLi hg the I, iiLiai l1]1' ;i the cclii)Lsticf
Products. An analytical nulot ioun a.I fomi v.ia a n inLc-jral IU
0(1 (1Fourier trana;J-cr) iand uces ilrCol,1parc'd wiill tho pruv
ous nUn'11iCria1l so] u lLl (-,f ef . 68 . in b, necan infcre2-!S W
the alct iva tion cie, cy afounid to,, j noci S.th pr e of the -

Sc ill atiln con ( ~ I , -io liii the 1( '(Ui.of !tiovc(1(1(21 of the2
action I rent Cl nj on2 ccii(L1Cen-1u deCL1S( th11 Vi~~ eC -i

city. i;rcquoncio @5wt' c ow Lle l ae of: several 10 11z. Thec usC
!a t:i Iig m-Ieeanasm, a rderJ ng -to ) ~rov ich and Mahhiv i1 1-']z, con civ
Of Hi SUCCCESSiol' of faIst. M11-lip) ol n o c uL etdl e
each requiring a prolonqg-d thermal1 time laq for thce ionlition to:

ocel orn

Lion of per:(: e aj d me iiotl I zed DD prop Qll1 ant F , icoth in o strland l-
ncr a mU rocketUcrb ci r:iler , k-.'re pub.lIshed by SvcI-l1i1chnN:
et al . (Ref . 70) i. 1 971 . In the pressure. range 1-140 atm,cos.-
t 3on osc i 1.1 Ct ill (1 ( '.ie II(X b i U i-ia o L.111 ii .1 s£1012 and e.i (-c rixa .-- I
condaLCti Xi y o1r T'he1 her';1 i1; Zone) up to several 10 1liz were deL c,.C.-
cc]. The author!-; ilI el Zsrb~ these oscillation"S to 111-
stable tlierm11al. VClela\cI n ot' the condensed phase heated layer.

.1, A Jc)-owever, accordjan-i to the samec authors (Ref. 70) , self--se-
stLainedi oscillatory burninog of the same 013 propel lants a,, pres.-
sure lesLhaii 70 atli- 2.s dueI to incomplete com-,bustion. This and,1
a t h cr os ci I ]atf ing mcchmlismz r-latued tcn burning peculiarities

*4(c. i., neomp leto b-urn i ng invokcd inr Ref . 7 0 a n d i nhomogene itLics,
of thc combustion wave in Refs. 71-72) are out of the scope of
this work. Oscillatory burnaiico due Lo combustion/fluid-dynamics
coupling1 (e.g. , see Ref. 73) is also out, Of the scope of this
work. In tiis work so] f-sus.tainedJ oscillato--ry burni nq of excl.1s a-
vely thiemk) netic character is considered for the wide class of
hetei oqjeneous combustion systems . It wil~l be shown that this type
Of os;cillaitory b urning( is mrainoly related to the presence of a
strongjly exothermic chemical reaction in the condensed phase
(col i psJc,41 atL the burning surface) . Pressure will be seen to fa-
vor s.tabi-lity. The combustion frequency, of the order of few
10-1(00 11z, will be fournd to incre~ase- with pressure. The charac-



tc'ris tic burn incj rate spikes iasociated vjit.h these os;cillati ons
intuitively confirml t 1eC 1)si 1 a mhnsm suges-d by 4ibr1

vic]h anid mikhvil ad~e (IRef. 69).

First deta iled aii'tclprcdic Lions and numerical rezul ts,
for a model.I explicitU.' consi dorincT the heterogjeneous, burning
of a) solid p' opcAlant (us-tcal Tfam)werJe offere by:),
De L~uca (Refs . 2-3) in] 19)76. Other result-s and an i ntcrr~retA ion
in Lerm-Is o1 b iturca Lica diag ramr were giveni by De Luca (Refs. 12 ,18)
lafC Ia. Koe and Isr (Rt~f. 74) nimcericai ly confirmed the
exis Lance of a rogi] f-swta no c;Clsoy l-ifl eJrn~~Q

.,(, Ix -Io IL ant (t-he onn sta Tss 1 jinooriz ed I lame1n model i
adion-ed) , but 1.,I t hou t iti k i no a fly a L-. te p t to prod ic t the exix sC.,ce
andi the properties of s;uch a ;jccialI req jiti. The asr-ump Lion oF
quas1.i--stcad,,. qzla phacse, ini thes e deoe]opments might he open t-o
crit-icism, as riylhtly pointed out b1.y T'icin (Ref. 75) . Peters
(Ref. 76) naici ically ou.served self -- susto iined osci.Ilations of
hybrid burnm, of porous spherical particlecs of comibus'Cib] e ma-
terial inmjpe:c J in an mii T ann x:diigat mop,-here by7
Soling , via an -inte.g-3ral mei(thod (polynoial space dependence
of the rekI,-va. vai iabi es) , the cloverning set of 5 ODE' s. A ri-
go-,rou ; a naiytiLeal Lrea tment: of the opc i I-)lot ing comrlhus Li on asi,--o-
ciat cl- with gas I cxx burningr of condensed s;Ystems d asaussed in
Refs. 68- G9 vasrecent I y Of fered by Mato.siand 2,ivashinsk i
(Ref. 77) . 7Jhoy sho;,-ed thiat-avnoicl vnu aios]utri

an en n alipf i f rotin fom heuyniform, ly p-ropagatinrf so-
lution , the b-i f~urcaltionl pzaama eton.L being the product of a nond i-
monsional ictiva'Lion. ene-Lty and a factor moo sun irq the: diffe-
renj-ce botwcer nod.Ics~ra zdtemperat~ures of unburned !react-
ingI m)aLerial I rd the combus,,tion products. The aimni Itide, frequen-
cy, and volocitY of the propagating pulsating front wore also
Comps ted (wi thin- the frame1(work Of a nIonlinear trcuatment).

77-I



CIAZP1EP 2 - OTN:DTIIEOR)JY OF SOIDPIOTTi,.',11USi'O

In this chacptor an overview of thje theoretical deelop-
ments , both an.-. lvtical anu nunte-rca! , corc(-.rnirl non] I rear
burning stabi]Ly of solid propcllants is oiiercd. YJrsi- tile

baicas ntors nd icui-tions are revised, th(en the tran--
forat~n f ta g~'~rnngPD'-E into an ODE is porf-orvICo

This Ulo S usLo dcfinu static andl dynamic !-tabilityI -- -~p e Y-
tics of burninrj Sol idpoe ln For the iEttiW! w ith
respect to previous cori b-y tlhi.s research .jroup:

(a ) results obta iJned- by "'LcI TS , ITS S (both linea, j :'ed
and nonlincear versions) , ' , anrd LC f laiii modecls a ie
compareJ.

(b) tlie valid i> of the non linecai z"ynchi c ]tbiIitvbundairv
is extended 10 compl-i cated for ci ng -urc~ions suych ias5 si-
mu] tanoous 6iradjiation and d s-o aion , consecutive
deracliation and dcr~srztIjradiation pilses.

(c) the nlierstaboili ty theor,,. i ncludes nowv the case of
spe!cific heat ratio not neccc;Li. a ly u:nity (C /Cc - 1)
andl the czas-e of rad.; laiv~e heat ion-).s from' the (iburni;ng sur-
face not ncsaiyzero ( : / 0).

(d) the 3range of se -ssandos-sillatory burning is; inve-
sticited in detail rot-Lh at lareeo and in'.i pressure.

(e) ne ccpsabout tepressuire 6.eflagration limit are
illustrated in detail .

(f) further results on ignition transients are presented.

Moreover, some detailed analyces of the: MJ1TS, KTSS (beth
linearized and nonlinear versions), KZ, and LC flame mrode-ls
are offered. Num~rical compuitations verifying most of the a-
nalyti cal pred.ictions are shiown. A section on the state. of'
the art of the nonli near burning stalbility theory ends this
chapter. Experi-nentai results from shock tube anddersu
rizati on strandl burner are reported in Ch. 3; experimental
results by laser techniques are reported in Ch. 4.
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Sec. 2.1 -- BACKGROUND AND NOPIENCLATURE

The physical system dealt with is presented in its
most general form in the schematic of Fig. la. The oressure
of the vessel, the radiant flux impinging on the surface of
the strand (originating exclusively from some external ener-
gy source), the ambient temperature measured at the cold

ly long), and any other parameter which can be controlled
in a known way from the outside of the vessel are designa-
ted as controlling parameters. A change of one or more of
these controlling parameters will affect, in some way, the
state of the physical system and, consequently, they are
also called external perturbations.

On the other side, we designate as intrinsic perturba-
tions sources all those "small" (in a sense to be specified)
irregularities and imperfections always present in the real
world but which are nevertheless neglected in the idealized
picture of Fig. la. For examole, nonuniformi composition
of the strand, imrpurities variuosly scattered in the conden-
sed phase, complicated aeometrv of the burning surface, etc.,
all contribute to hopefully small but persistent differences
of the actual phenomena from those described by matheatical

* models.

Whether the perturbation sources are external or intrin--
sic, the Drior, supoosedly unperturbed steady state profile
of temperature in the combustion wave will be modified to
some new perturbed unsteady Ti-ofile. Let us define the di--
sturbance temperatuire profile as the profile of the point-
bv-Point di ffercnc between the perturbed profile and the
original, u.pco rtur-(d profile. The general problem of static
stability may no stated as follows: given a stationary sta-
te of the ph,sictl system, the system is forced to a close
but nonstitioitary state and it is asked whether the system,
after a lonq enough p,':riod of time, will go back to its ini-
tial state or will move away 'rom it. In the specific physi-
cal configuration cons.icicred in this study, it is asked whe-
ther the disturbance teri-erat ure profile will die out in
time or not. bLathenmtLtjcally, the orobiem is an initial va-lue problei and is u~sually described by a parabolic type of

partial differential equation.

It is of concern to disL inqIu ish between static and (I%,-

namic stabL]itv. The genera, problem of dynamic stability
may be sticd as follows: aiven an initial stationary state
of the ph,,sical system, the syst-em is forced to a different
(final) stationary state by moans of approriate chances in
time of pressure and/orra- di nt flux and it is asked whether
the system, after a loi,.c enouqh period of time, will reach
the wanted final state or another~if existing)final state. In
other word;, the stzability of a system where intrinsic per-
turbatior. sources exclusively are considered to be acting
(stability of a state) is called static.Conversely, the sta-

t ' . .+ , I I - .," " , , .
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bility of a system in which the external controlling para-
meters are changing in time and miultiple final states ex--
ist (stability of a transition) is called dynamic. It will
be shown that in the latter case the rate of change in time
of the pressure, for example, is of fundamental importance
and this explains the expression "dynamic stability".

In this research program, the ultimate objective is to
establish boundaries so aratin-1 reaions of stability from
those of instability on seie couvenient (lraohica] olot . It
will be shown that static aed dynainic stability boundaries
are different in nature.

Since the mathematical problem is formidable, no gene-
ra. method has been found so far for solving the stability
problem in its various aspects. Historically, a large amount
of work has been devoted to stability problems in fluid dv-
namics. A standard treatment in this and related fields is
the linearized approach, which is based on two essential as-
sumptions: disturbance quantities infinitesimally small and
a mathematical model (differential equations, boundary con-
ditions, and any other relationship) containing only distur-
bance quantities of first order. Under these hypotheses, the
problem reduces to an eigenvalue formulation whose mathema--
tical theory is very well devclo cd. Besides this standard
approach ,several other aunroximate and often ad hoc methods
have been set up in various fields of anplied sciences. The
reason for such a confusing state of affairs is esscntially
one: the behavior of most physical systeruis described by
nonlinear equations and nowada0vs not only a mathematical
theory encompassing all types of nonlinearities, but even a-
nalytical methods caTnable of dealing with snecific types of
nonlinearities, are not yet available.

In this study, in order to avoid the serious drawbacks
of any linearized treatment, a nonlinear combustion stability
analysis by means of an anroximate approach is offered. Ba-
sically, the problem will be transformed from a PDE into an
ODE formulation via an integral method. Notice that the cro-
posed approach requires; the implementation of a flame model,
since Zeldovich method is of no help (see Sec. 1.3). However,
any flame model capable to describe quantitatively the heat
feedback from the gas nhase to the burning surface is in
principle acceptable. 'Phe choice of the flame model is at the op-
tionof the investigator. Obviously, the prouosed stability
theory can only extract the stability properties (both staticand dnamic) implicitly buried in any flme m1odol. This fact,

in turn, might help in the choice of the best flame model
for a given combustion problem.

A composite, ammcnium oerchlorate based solid rocket
propellant., denoted as AP/PBAA No. 941, is taken as datum ca-
se throughout this renort. However, this by no means is meant
to imply that the approach is restricted to some soecific
class of solid propellants. The physical and chemical proper-
ties of the propellant AP/PBAA. No. 941 are listed in Tab.1.



- 18 -

Sec. 2.2 - FORMULATION OF THE GENERAL QUASI--STEADY GAS
PHASE TRANSIENT PROBLEM

Except where explicitly excluded, the following set
of assumptions is valid throughout this work. With reference
to Fig. 1:

a) Entire Strand.

I. Monodimensional.
2. Constant thermal, physical, and chemical properties.
3. At cold boundary, in thermal equilibrium with ambient.
4. Subjected to no external forces (acceleration, gravity,

electromagnetism).
5. No emission of radiation (only _external radiation sources).

b) Condensed Phase.

1. Semi-infinite slab.
2. Uniform and isotropic composition.
3. Adiabatic, except at the burning surface.
4. No chemical activity.
5. No radiation scattering.
6. No photochemical effects.

c) Interface.

1. Infinitesimally thin plane surface (collapsed condensed
phase reacting layer).

2. One-step, irreversible gasification process (pyrolysis).

d) Gas Phase.

1. Semi-infinite column of gas.
2. Mixture of thermally perfect gases of average molecular

weight 'F.
3. One-phase, laminar, nonviscous, strongly subsonic flow.
4. Adiabatic, except at the burning surface.
5. No interaction with (external) radiation.
6. Lewis number = 1, each chemical species has the same

specific heat C , mass diffusion in expressed by Fick's
law; therefore the gas phase can be described by a sim-
ple thermal model (see Sec. 2.3).

7. Quasi-steady behavior, with finite reacting layer thick-
ness.

The following set of reference parameters is used fo-
nondimensionalizing (with specific reference to the propel-
lant AP/PBAA No. 941 taken as datum case; see also Tab. 1):

&i

-[ m - ...... . . .. .. . ....~.--. .h......~
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Pref =68 atm

Tre f  300
ref

Vref Prf) 0.837 cn,' S

Ts,ref T(Pref)= 1000 K

Tff Tf (Prf)= 2430

Xref  = ac /:e, = 1.673 x 10- - cm
ref c ref

tref - = 1 998 x 10- 3  s
c ref

Qref Cc (Ts,ref - Tref) 231 cal/g

Iref  --- (T s, Trf 297.8 cal/cm2scc refcc ref Tref )

from which one gets the following nondimensional variables:

= P/Pref nondim. pressure

R = /Tre nondim. burning rate

X X/Xref nondim. distance

6 = d/xref nondim. thickness

8a = (l/aA)/Xref nondim. absorption layer thickness

T = t/tref nondim. time

H = Qs/Q ref nondim. surface heat release

= Qf/Qref nondim. gas heat release

F = /Iref nondim. radiant flux intensity

q =JIref nondim. conductive heat flux.

Notice that for the temperature, both of the following defi-
nitions are used according to need:

T T - Tref
(2.2.1a) =( ref T gTTs,ref Tref f Ts,ref Tref

eTg.)-T T

(2.21b) T = T e.g. Tf T Tf

T( ),ref f,ref

7a A-
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where the choice of the particular definition depends on the
specific physical phenomenon being considered.

The general nondimensional quasi-steady gas phase tran-
sient formulation includes the unsteady condensed phase pro-
blem (Eq. 2.2.2), relationships accounting for the surface
mass production (Eqs. 2.2.3), the quasi-steady gas phase pro-
blem (Eqs. 2.2.4 - 2.2.8), some auxiliary relationships assign-
ing the gas phase and burning surface heat release (Eqs.2.2.9 -
2.2.10) and the time history of the controlling parameters
(Eqs. 2.2.11 - 2.2.12). Obviously, the gas phase treatment is
not complete without the energy equation whose first integral
gives the heat feedback law; this is discussed in Sec. 2.3.
For details about the writing of the equations, the reader is
referred to Ref. 3.

30 a _ 2 E+
T - - N F f(X,x) IIPDE->0,X<0

1(X,r = 0) assigned IC

(2.2.2 X - ,) = 0_. BC2

c,s = -() + (i-Nt) (1-r)Fo (0s)

R ref + Cc ] BC1

where the boundary condition BC1 at X=0 merely states the ener-
gy conservation at the burning surface (see Fig. Ib).

The specific form of the function f(X,X) depends on the op-
tical model of the condensed phase (absorbing vs absorbing-
scattering) and nature of the external radiation source (mono-
chromatic vs polychromatic and collimated vs uncollimated). If
the impinging radiation is polychromatic, the burning surface
reflectivity r(X) in the boundary condition BC1 at X = 0 shall
be wavelength averaged; if the burning surface composition is
not uniform, r(X) shall also be surface averaged; if the burn-
ing surface is not a diffuse reflector, the angular dependence
of r(X) shall be taken into account. Details about the radia-
tion distribution in the condensed phase and, more generally,
about the derivation of Eq. 2.2.2 can be found in Ref. 7, for
example. For the common case of an optically transparent con-
densed phase, assumed absorbing but not scattering, the fami-
liar Beer's law is obtained1l-r

f(XX) exp(X/5a) x 0
a

- --. ------ r~ :: ~ - A -1-I
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to be evaluated at the particular operating wavelength if ra-
diation is monochromatic.

In the boundary condition BC1 at X = 0:

(PR) ) is the nondimensional heat feedback
gs Ac g~s to be defined by a flame model)

l(Ss) is the nondimensional heat loss from
the burning surface to be explicitly
given;

Hrefis conventionally supposed positive if endothermic;

Nt is a transparency factor (Nt=0 for opaque condensed phase
and Nt = 1 for transparent condensed phase).

The last point deserves some comment. The hypothesis of
a collapsed reacting layer might irply in some cases that a
certain thickness of condensed phase is shrunken to an infi-
nitesimally small value. For consistency, the (external) ra-
diant flux should be separated in a portion deposited directly
at the surface (as if the propellant were opaque) and in a
(remaining) portion distributed volumetrically in the condensed
phase according to the proper extinction coefficient. The tra-
sparency factor N , therefore, should be set equal to the frac-
tion of radiant f~ux absorbed in the reacting layer when it is
thought of as extended. However, the extent and the very exi-
stence of a condensed phase reacting layer is an extremely con-
troversial question. In this study Nt is taken either as 0 or 1,
although this is not a necessity.

Heat losses from the burning surface typically occur by
radiative emission:

s(Ts,ref-Tref) + Tref - [Oa(Ts,ref-Tref) + Tre ]

41(0 ~) = P Cc ref (Ts,ref-Tref)

being e the burning surface emissivity and a the Boltzmann
constant.

As to the surface mass production, the following combined
pyrolysis is used according to need both for steady and unsteady
states:

(2.2.3a) R exp[ T 1) Arrhenius, 0 ' 0
s,ref s

(2.2.3b) R = (0 - 0m)w KTSS, k 0 0

(2.2.3c) R= 0 0 s 0 m
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where Om is some empirically defined minimum temperature
under which the solid propellant undergoes no chemical acti-
vity. The power w is determined by matching the two pyroly-
sis laws at a given surface temperature, say Os=Ok, near the
ambient temperature. This formulation of the pyrolysis law
allows us to avoid the "cold boundary difficulty" of the Arr-
henius expression.

Relationships for the quasi-steady gas phase include the
mass continuity

PC
(2.2.4) U (X,T) Pg(X,r) R(T)

the momentum equation describing a trivial pressure distribu-
tion (possibly changing in time)

(2.2.5) T (X, T) = T (-) ;

the state equation (in dimensional terms)

(2.2.6) P(t) = p (x,t) L T(x,t)

g A

the integral energy balance assigning the quasi-steady flame
temperature

C c g_9_s)
(2.2.7) Of(T) = 0s + Cc (Q - R

g

an estimate of the (average) characteristic flame thickness
given by

Xf~ ~ Tc /A (g c ) (Cc/Cg

(2.2.8) Xf = R -r re PC/ R ' C/Crc"g re gC cgre

where T is a characteristic reaction time to be defined by a
flame moel.

The heat release in the gas phase can be assumed dependent
on pressure only

C
(2.2.9) Q(') = (s'( ) + C {f ( T) - s( + ) ( )

C

being the pressure dependent portion of the steady net heat re-
lease at the burning surface defined by

g() lre f + _gcI-s(Cc

~ref + -~ - 1I

S
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The quantity Href has to be assigned independently and strict-
ly depends on the original condensed phase composition only.
For example, for the broad class of nonmetallized, AP composite
propellants (Ref. 82 c)

P(+ Qcr,AP + Qv,AP - QNH 3 /HCIO4 + (1-p) Qv,Binder

(2.2.10) H ref - C (T -T -

c s,ref ref

taking into account the:

(1) endothermic p-. cesses of AP crystalline transition from or-
thorombic to cubic at 240 0C and AP dissociative sublima-
tion of zeroth order with respect to pressure.

(2) exothermic reactions of tLe premixed Nl13/HC1O 4 flame due to
AP decomposition (this flame is so thin down to 1 atm that
it can be collapsed at the burning surface).

(3) endothermic binder gasification.

The steady dependence of burning rate on pressure

R= R (')

at standard conditions (300 K ambient temperature and adiaba-
tic combustion) is assumed experimentally known. The steady
dependence of adiabatic flame temperature on pressure

f = f (f )

is assumed known from standard equilibrium thermochemistry.
For example, for the datum case considered (see Tab. 1), the
following relationship was found to hold up to 100 atm: in
dimensional terms

f,ref - (P - P)
where T f = 2430 K and P r = 68 atm (Ref. 29b). The steady

flame tetp rature in the presence of an external radiant flux
can be obtained by the following integral energy balance in
the gas phase

C -C)~ F- -1 (1-rL)F_- .
f (f,F) -6f (T) + Lc - 0Q4')F + To(,Fgi

Finally, it is understood that:

(2.2.11) 'I'(T) = externally assiv -A

(2.2.12) F0 () = externally assigned

according to the wanted transient burning.
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Sec. 2.3 - QUASI-STEADY FLAME MODELS

In order to define explicitly the function 4 (,R)
required for the BC1 of the PDE describing the trhfiient
thermal profile in.the condensed phase (Eq. 2.2.2), a flame
model has to be chosen. It is emphasized that any flame mod-
el can be picked up. For the composite propellant AP/PBAA
No. 941 taken as a datum case, several flame models were test-
ed: MTS, KTSS (both developed by Summerfield and coworkers),
KZ and LC. These flame models are all thermal in nature and
invoke the assuinptions mentioned in Sec. 2.2.

§ 2.3.1 - MTS flame

The model worked out by Merkle, Turk, and Summerfield
(MTS, Ref. 29) is basically a juidicious combination, based
on experimental data, of the diffusive and kinetic aspects
of the gas phase reactions. The model worked out by Krier,
T'ien, Sirignano, and Summerfield (KTSS, Ref. 83) can be seen
as a particular case of the previous one when the flame is
purely diffusion controlled. The MTS model will be used for
most of the theoretical developments of this report. For a
detailed knowledge of how the model is derived, the reader
is referred to the original Ref. 29b and also to Refs. 82,
84-85 treating the GDF theory from which the MTS flame model
has evolved. Only qualitative comments will be offered here.

Any pattern of chemical reactions, no matter how compli-
cated. involves the two physically distinct phenomena of mass
diffusion and chemical kinetics. It is known from homogeneous
combustion theory that quite often diffusion processes domi-
nate the kinetic processes in the sense that

di /ki

or, conversely, the opposite extreme may be true. These two
limiting configurations are respectively known as diffusion
and premixed flames. For heterogeneous combustion, in parti-
cular of solid propellants, there are instances in which
the gas phase portions of the deflagration wave may be trea-
ted according to one of the above limiting configurations.
But, in principle, especially for transients connected to
large excursions of the controlling parameters, the qas pha-
se treatment of a heterogeneous combustion wave has to ac-
count for both processes. This was originally done by Sum-
merfield in his GDF theory for the AP steady flame model. La-
ter, an extension was made for the AP quasi-steady flame mo-
del accounting for variable flame and surface temperatures.
Although derived for the specific case of the AP class of
propellants, the formulation of the MTS flame model is quite
general and may be adapted to other cases of heterogeneous
combustion.

I
4J



- 25-

For the specific case of AP composite propellants,
the MTS flame model accounts not only for the granular dif-
fusion flame (GDF) of the oxidizer with the binder (Ref.29),
but also for a distended premixed flame corresponding to the
AP decomposition products burning. In this study, the simpli-
fied version with the premixed flame collapsed at the burning

surface has been adopted. This assumption is acceptable
(p. 28 of Ref. 29b) for pressure values not lower than say,

1 atm. The most important parameter characterizing the gas

phase during a quasi-steady transient is the heat feedback

to the burning surface. According to the (collapsed) MTS

flame model, the nondimensional heat feedback is

/-T k i + T 'di 1-exp(-R2T' re
(2_ki exp(-R 2 ,e re(2.3.1) g = QR L /-re re / - R2 T , rCre -Pre R re

where T' is a nondimensional kinetic time parameter;

T,di is a nondimensional diffusion time parameter;

T1 is a nondimensional reaction time parameter;re
R is given by an Arrhenius-type pyrolysis law,typically.

Following the MTS flame model development, we put

(2.3.2) ' - AM e - 1)
ki 

2 Tf,ref T J

where a second order gas phase reaction has been postulated
to occur wholly at the highest temperature T (p. 29 of Ref.
82a) and

(2.3.3) / T' 
= BM  (Tf )5/6

(T) V3 ('r ) 7/8
5

where the diffusional mixing rate of fuel pockets with the
surrounding atmosphere of oxygen-rich gases is assumed to
depend on the surface temperature T s(p. 31 of Ref. 82a).

The two constants AM and B are determined for each
propellant by the best fit of tle steady state burning rate

4 theory to the measured burning rate data (p. 38 of Ref. 29b).
An application is shown in Fig. 2 for the propellant AP/PBAA
No. 941. In the spirit of the GDF theory, it is further as-

sumed (e.g., see p. 33 of Ref. 29b) that the overall solid

ohm."
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propellant reaction time parameter can be expressed as the
following simple combination of the two above limiting cases:

(2.3.4) re di + ki

This relationship was shown to represent the pressure depen-
dence of the burning rate quite accurately for a wide range
cf composite propellants (Ref. 82) and also to describe the
depressurization extinction corrcctly for composite and, to
so.<, ,.xtent, double base propellants (Ref. 29). However, it
should be recognize( that. the whole MTS approach depends on
the arbitrary assumption of Fq. 2.3.4 and the choice of the
A and M B constants. How this choice is affected by the fit-B
ting procedure mentioned above is illustrated in Fig. 2
(different pressure intcrval) and Fig. 3 (different low end
of the pressure interval).

§ 2.3.2 - KTSS flame

According to K''SS flare moel, the nondimensional heat
feedback to the burning surface (Ref. 83) is

(2.3.5) - Q 1-exp(-R 2 -
g,s R ,Tdi

where T' is an average nondimensional diffusion time para-
di meter;

R is given by a power pyrolysis law,tYPicallY.

Notice that the above KTSS heat feedback law, derived for a
diffusionally controlled AP flame, is a particular case of
the MTS heat feedback law where

r > ki

B2  (T )/3
(2.3.6) 'di (') 2,3  (T s)7/ (,) 2/ Tdi

that is, when the diffusion time parameter is much larger
than the kinetic time parameter and is temperature indepen-
dent. Extensive experimental investigation (Ref. 82) shows
that for AP propellant flames the diffusional mixing is,
indeed, sensibly slower than the chemical kinetics as long
as the pressure is larger than say, 1 atm. It is also expected
(Ref. 29 ) that flame temperature undershoots during decele-
rated transients slow down the chemical kinetics much more
effectively than the diffusional mixing (compare Eq. 2.3.2
vs Eq. 2.3.3).

S"
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In its linearized version, the nondimensional KTSS heat
feedback law is given by

(2.3.7) 9g, (Y,R) Q O

Ru'di

which isa particular case cf the full expression (Eq.2.3.5),
when the further assumption is made that

(2.3.8) exp(-R 2 ' ) << 1

corresponding to Ti very large but finite burning rate, The
constraint of Eq. 2.3.8 is usually valid for steady burning,
but is not acceptable in extinction transients, since under
this circumstance R->0 while ' di remains finite and, there-
fore,

exp(-R Tdi) - 1.0

Note: in the linearized version commonly used, the nondimen-
sional KTSS heat feedback law is written as

(2.3.9) s( =) - n Tn / + (
9's R

Then, by comparing Eq. 2.3.7 with Eq. 2.3.9, the average non-
dimensional diffusion time parameter can be evaluated

(2.3.10) T _ Q 1di T2n Mn/w + R(V)

An essential ingredient for both MTS and KTSS flame models
is the experimental stationary R('i)curve. The steady state
structure of the MTS and KTSS models are respectively shown in
Fig. 4 and 'g. 5 for the propellant AP/PBAA No. 941.It is worth-
while to remark that even the linearized version of the KTSS mod-
el can accurately reproduce the experimental stationary R(q'). A
comparison of the two plots shows no strong difference as to the
steady state behavior of the flame models under examination. Con-
sider now the quasi-steady behavior as plotted in Fig. 6 (MTS
model) and Fig. 7 (KTSS model). It is obvious that the linearized
KTSS model is physically unrealistic for low burning rate.

In summary:

(a) stationary or small perturbation solutions of the MTS and
KTSS (even linearized) flame model are similar at high pres-
sure, since in these instances only small changes in tempera-
ture and burning rate are considered;

(b) at low pressure and/or low burning rate, AP flame is kineti-
cally controlled and therefore should not be described by
the KTSS (even nonlinearized) model;

. .- . ......

11 10
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(c) the KTSS linearized model can never predict extinction
because the heat feedback law is found to be inversely
proportional to the burning rate.

§ 2.3.3 - KZ flame

According to KZ flame model, the nondimensional heat
feedback to the burning surface (Ref. 86) is

Q Ca C AT C
(2.3.1) - 1 -exp( -R - cRgs C P "2 X C f

where

(2.3.12) c - (r) - const- 1  (T) • exp(- Ef e.
PC Y2 TT

C~ref f,ref f

is a nondimensional mass reaction rate per unit volume (03 is
measured in g/cm 3s). The power is the reaction order of the
overall, one-step, irreversible kinetics controlling the gas
phase heat release. Taking into account the quasi-steady mass
continuity, one can write

X C C pc
(2.3.13) X -C gf = A C g R()ki - R(T) 'L
( ) g C g c

where ' k" is an average nondimensional kinetic time parameter.
The heat feedback is more concisely given by

(2.3.14) s~g =Zi L - exp(- R2 '( . 91s [1 kij

where R is assigned by an Arrhenius pyrolysis law and Z is a
constant to be evaluated for each propellant.

The further assumption of linearized behavior, i.e.

(2.3.15) exp(- R27'k) << 1

requiring T'. very large but finite burning rate, was invoked
by the authors (Ref. 86). In the version commonly used, theheat feedback is

(2.3.16) 9g s (',R) = Z

Obviously, the s-rme comments made above with reference to
KTSS liiieazized flame are now in order. The authors suggest
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to evaluate the constant Z from the initial (steady) con-
dition of the burning transient as

8. +Hi.

(2.3.17) z = T2 S
1

Remark that in this way the flame model is not able to re-
cover the steady state results. Although the authors state
that the difference is not important, this is embarassinq.
In this work, a different approach was taken: the constant
is evaluated at each pressure in such a way that the expe-
rimental curve R(TJ) is reprcduced

(T) + H
(2.3.18) Z(T) = J 2 (q) s

Under these circumstances, YZ and ETSS linearized flame mod-
el are found to be identical from the point of view both of
heat feedback and burning stability.

The KZ heat feedback, derived for a kinetically control-
led AP flame, is conceptually a particular case of the MTS
heat feedback when

fT' '~ -~6 >> /
re I ki di

* .However, from a physical point of view this limiting condi-
tion seems more typical of DB rather than AP-based solid
rropeliianLs. Tn any event, KZ formalism is similar to KTSS
sincC 1Y)th moJoiSF assume a distributed heat release of uni-
form v uc ovei- the flame thickness Xf (in both cases the
flame is suppos(,d ,ittachcd to lhe burning surface).

§ 2.3.4 - LC fl m

Accoriinq to LC flame model, the nondimensional heat
fedha uk:to the hurninq surface (Ref. 87) is

~s (1 I) + 1 + Hre
(2"i9 ") P ( r) L C A 1+ n -n n'P rH f

EI"

wher - E - ]' ,lef

T -

A - 1 (1 )
s ,ref

The iytolysis law used by LC is a generalized version of
Arrheni us expression including a pressure dependence through
the power r (us;ually nsO). With the nomenclature used in

I- -I
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Ref. 87, one finds for Eq. 2.2.3a

n r A (0s- 1) 1
(2.3.20) R(t) = - expJ

Li + ( s -i)

The pressure dependent portion of the heat feedback law,
assumed the same as in the steady state, is embodied in
Eq. 2.3.19 without ever specifying what the dependency is.
KTSS and KZ also assumed the pressure dependent portion of
the h:dt feedback law to be the same as in the steady state,
but enforced rt -pect.ivelv a diffusion and a kinetics con-
trolled burning mechanism.

Both KZ and LC flame models were derived under the same
constraint (large characteristic times) as the linearized
KTSS; they are subjected to the same limitations of appli-
cability as well. While KTSS and LC recover the steady state
burning rate dependence on pressure when transient effects
vanish, KZ does not. Although differences at steady state
can be small if an appropriate choice of 0 is made, this is
a weakness of KZ flame.

§ 2.3.5 - Working Map for Quasi-Steady Gas Phase

A useful comparison for what follows is shown in Fig.8,
where the MTS heat feedback (often used in this study) and
the linearized FTSS heat feedback (commonly used in the li-
terature) are plotted together in the range 10 to 50 atm

( g,s curves). From this graphical plot one observes that,
for a given set of external conditions, two steady solu-
tions (reacting" configuration A and unreacting configura-
tion C) are found for the MTS model, but only one for the
linearized KTSS model (reacting configuration A).

It is instructive at this point to consider the work-
ing map of Fig. 9. This is a R vs 4g,s(P,R) plot applicable
to any flame model. In Fig. 9 MTS flame was implemented un-
der the indicated conditions. Isobaric curves describe the
heat feedback at the corresponding pressure; remark that

g,s(;,R=R0) = 0. Lines at constant ambient temperature (for
adiabatic burning) or at constant radiant flux (for 0-.=0)
describe the steady heat flux absorbed in the condensed phase

d )gO s )s  = R (0-_) R H - (1-rx)Fo

At the crossing of qg,s('V,R) with gs(Tj,Fo,0_,), steady so-
lutions R(T,F0 o0_) vs q, 5 are singied out. Curves qg,s(T,R)
depend on the flame modeling, curves qg s(T,Fo,0 -®) depend on
external parameters only. Two steady solutions are found for
each sct of external parameters: the trivial R = 0 (unreact-

-hh _A*-A -Ms.-_ __ _- -
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ing state) and some R A 0 (reactinq state) For quasi-steady
gas phase transients driven by Ocradiation for example,the
instantaneous solution in time runs on the isobaric curve of
interest; only when a steady burning configuration is reach-
ed, the solution will stop at the crossing with the relevant
4 g,s curve. Similar remarks hold true for any flame mode],
except that the unreactin3 or extinguished state . 0 is
not allowed for linearized (in the sense of Eq. 2.3.8 )models.

By decreasing ambient temperature and/or external ra-
diant flux (negative values of F,, imply heat loss from burn-
ing surface) , the correspon-.ing P(q,Fo,o_.) are seen in
Fig. 9 to become lower and lAwer at any pressure. The ques-
tion arises: are there minimum values of ',F , and (,-. be-
low which R - 0 is not allowed or, if allowed, is unstable?
This would assign static limits to burning domain of the
flame model under consideration. The answer for decreasing
heat loss is shown in Pigs. 31-33 (to be discussed later):
the point of maximum heat feedback roughly corresponds to
the minimum allowed steady burning rate at any given pres-
sure. For - - 0.429 (zero Kelvin), it is found in Fig.10
that the steady solution does not reach this minimum (steady)
burning rate; but obviously other effects would come into
play at low ambJent temperature. For decreasing pressure
(with adiabatic burning at 0-_= 0), a steady solution is al-

ways found. However, it will be seen in this report that
burning instabi.lity shows up defining a pressure deflagra-
tion limit 1D1, this will require further analysis. Remark
that so far no constraint whatsoever has been placed on un-
steady burning.

Burning stability properties will be shown to be strong-
ly affected by the value of the surface heat relcase. For
our datum case (see Tab. 1), the best value computed from
the literature is Qs = -158.2 cal/g (the exothermicity is
due to the primary premixed ammonia/perchloric acid flame
occuring when ammonium perchlorate decomposes). For the
MTS flamo, parametric changes of Qs, while Tf(P) is kept
fixed, imply to e\Valuate the appropriate set of AM and BM
constants for each value of Qs in order to maintain the
same (experimental) burning rate law R(P). Alternatively,
one can use just one set of AM and BM constants (for exam-
ple, that correspondinq to the standard value of Qs =-158.2
cal/g) and consider a family of solid propellants whose
burning rate PI(P) depends on Qs according to the graphical
plot of Fig. 11 (see also Tab. 2). This second point of
view was adopted in this report. For the KTSS flame such
a problem does riot arise, since no fitting is required.

§2.3.6 - Final Comments on Quasi-Steady Gas Phase
The modelling approach discussed in this report,being

of rather general formulation, can be specialized to any
transient burning problem within the basic limitation of

III -"- -11- ll-i& -A ,
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nondimensional thin flames of thermal character. In parti-
cular, dynamic burning associated with fastdepressuriza-
tion and/or deradiation can be studied. The range of vali-
dity is essentially established by that of the flame model.
Among the flame models reported in this chapter, the nmost
general is MTS whose range of validity, with the formula-
tion given in Eqns. 2.3.1 - 2.3.4, covers 1 to 100 atm
(p. 27 of Ref. 29c). For pressures above 100 atm, the as-
sumptions of monodimerstonality (condensed and gaseous
thermal waves much larger than burning surface roughness)
and condensed phase homogeneity (condensed phase thermal
wave much larger than meant particle size) fail for MTS as
well as all other flame models considered in this chapter.
For pressures less than 1 atm, a distended NI-3 /IJCiO 4 pre-
mixed flame should be considered in MTS flame; this was
done by Merkle (pp. 49-53 of Ref. 29c) but is not reported
here.

Even within these validity limits, from a rigorous
point of view extinction (and ignition) transients cannot
be described by quasi-steady gas phase models. Indeed,
these phenomena are intrinsically unsteady. However, er-
ror due to applying quasi-steady gas phase assumption is
estimated negligible to the extent in which the gas phase
characteristic times are small with respect to the condens-
ed phase thermal wave characteristic time.

With these restrictions in mind, one can pick up its
favorite pyrolysis law and flame model, assign the wanted
external laws M'(T) and Fo(T), select the appropriate
optical model and thermal properties for the condensed
phase, enforce the correct initial conditions, and final-
ly numerically integrate the PDE of Eq. 2.2.2. What do we
get? Trends and bounds, but no predictions. For static as
well as dynamic burning, more sophysticated analyses are
required. This is discussed in next section. Nevertheless,
the importance of numerical approach cannot be overlooked;
complete burning tran.ients cannot be evaluated otherwise.
Several transients obtained by numerical integration will
be shown later.

-j
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Sec. 2 .4 - AN ORI INARY D II-TERU'Nj 'J P iQUTION FOR ! fA'PI (_N

Basically, the mathcmitical mc thod is the One set. up
for the fi~rs;t tj o 1)v Von !harmnan a3nd Polhaiustrn in the st-,E
dy of houndary l'rsand later qcrca czd by Coimarl,
among others , Lo a 1 are nmilber of rhe.-mal erobi ems. h
methond Call bce xuthrsec:. Lea otnet r Oilnceset ihed
nonli nea ,r PD of ua:raiioli- !r , Ip(,. J3, our en ec , the a pieroc
consist ;in (. - iito a naae F( r), called Lthc pr-,ne-
tration dI.stanecc of the ti cc n the conJ~-'.ns- (<I:

se, "such that fror X E c La;o F~l)i forM' 1- .il ifUJ r
practical purv-osc:, _Ls at I.n ccc' 1 C-o' t tli

th e re i s n o I ic-,jjt t ranj,; f r r c- ci '~ I- c, N., n,-, t (u (j 17 i
Ref.- 78 ) . lTvc evolution J n time ofb h 1he vn 0f1cI inl

the condlense nl)C
1 k i4'; ~' 2 oht- ir l(!d K O ~~u b",' ti-

story of the peuhra inULuta nce! p or- 0  tl -i nt (D an 1 1rn i-
t i il1y u ni f ormii t c: ; -pcra t u re f - ol 1 ai IJ n t i n( n er' ~r ah ioc)n
lay er, rorucgInl tame," t-he qua] itatLive siuace distria u--
tion Of teimow eatua' e is as unted knov n a jrjieni J; but- w.e m
ke sure that, in' o Ooincl, the intccei al bal-arceci: tfhermal1
energjy in the en wa:useI p-ise 50 is pro' ervcld. V n other 7ord-s,
the p.ri ce to bc a' ,,- or ;:kiinq the tran.sfcarrascrLon from,
PDlE to 0DI7 forl ~ ,ii100 1 isanl jcoan)ICiII rte sol]uta Of the
l ocal '3-e'Ci. ihtinc teuper41 urc thi5 isc not suchi

aSC I ionS (lra:71 Ick bec'auso c-e -int c-C'S 'is in the timle eoi
tion of theu s urlace teIMoera h-UIee. In 0_1Y -aen , evrnliY\'
stiga tronz found an error of oniv ',Oi" pereen Ls fort v.alt bus
cases in which bath the eatan6 th KA oteoiralsoehin
were 0\7a Tuatod. For e~campnIc, see ricl -" on p. 89 of Pef., 78
showing the temrperaLuTe t-Jmc hi s-ory~ at :h,, set face of: a
semi-infini-te slabi withi triane ular ,-urface heat -Flu\.

In o-rderr to (!et a de(;ee ndrecudn o.f (tuest lOPs

related to tanc in hecera 1m hod as aipolicd to L rml ro-
blems , the _intcrcested renoer-I TTigh L ','Ii to Is It0C0 11t t Ie ON-

cell ent IoviC (. by COOdmaILn ( Rcf 78) andI the reOferen1ces given
there. 1cforc e eetino invol ved in mazthomzALleal detailIs, the
reader shoeuld he wnod ab out th Ic1i-mi ts of the intectri I.
method. Auny F7ol4- 0 n baneci K' the integral method Conl-
tains hop-eful ly sma.-ll Lut il-ev'cal.Ic e rrors ill thle final
nueri-ca1. 1-csul ts The quee' iou')j of h)o\. to imi riove t-he accu-
racy then arss T t has I-een arguemd tha-t "there is no a
priori guarantee that ineme-sinq the order of the polynomial
(used! to uepresqont the qspace cist ri buti-on of the unstenevy

tepeatev rofile) wjll_ improve t-e accuracy. Although1
the accuracy is freqtuently improved with thi s technique,
it can he deon-st rated , nolnetheless!, that. there are cases
for which it actually worsens" (p. 96 of Ref . 7F ) . In thi-S
same re ferciuce i t is suoqested that the method of weighted
residuals M-ovides a very ef ficient, method for- improving
the accuracy of the results obtainedl by using the integral.
method.

T -- . .
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The simple integral method implemented in this worlk canl
be considered a special case of the method of weighted res--i-
duals when just one lparameter (the penetrati on distaince ,)
and one wjeicghtinj function are conls idceredf. under the-_se cir-
ciumstances, the horly equation. to be conrsidered is the heat
balance intearal (see below) . Since the initegral methouda-
sumens a uniform initial distribution of temperakture, a newa
nondimensional variable is defined:

(2.4.1) U (X, -) 6IX - : T~) x _O

where

(2.4.2) (()=a+(1 -0) e X< 0

is the initial steady state distributdrn of temperature and
0 (X, T ) is the tc,,tpora ture d i s t ribution foliownvg c som'e pe r-

tubaio. la nw aiab)le U (X, L) maw % th)crCefore becone

niently interprce iLas, the finitotemraue dislturlba nce
prongatinq :ns ido the, condensed phase and SUpeOrimposed on
the initial I em i r~ture dis t-r i-uti-on) after the actionl of per-
turbation -. At tho 1111 Lial ins Lent -=O , by defini Lion

()(Y, r ) 0 (X) and (1 I]X, -C) :-0 . SuI)pDOSe now that, in the
folling is Lant , a per t urb L-i o n stazrts actinq onl tihe system

anid make's ul (X\7, -C (IU the. goal of- the aiialvs -is- i s to -In'-
termine- the ultimate EffctL of s3uch a temperature din talrbanee
a .[ter wi t:il ng a er. dof tjminn s f fi ieeiitly lonq For the per-
turbation to disaIppear. No aIss umption wha"jtsoever is m-iade a.s to
the size of the teiineerc)ature d isturbance.

The analvysis will be res tricted to the case of an optical-
ly opaque propellant--, in tile sense tha t

at constant (rnot nces.-sarily- icference) amibient temperature --

The basi c set of nonu ime1-nsionai. eguatic n s for anl Optically opa-
quo propellant. (N1 O) ,_ A niti ally burning w.ith constant rate Rt
at constant preFsure T, wIle subjected to a radiant flux of
constant intensity F ,is

0

(243O(X,T=O) LIX) IC

C,(X---- - C) DC2

))X refX gc s c 0 lS



where R(tr) is the b-.urniinq rate, define.d Iby anfy appropria1te py-
rolysis law arnd (X, I /), 9 0 :wPXcq -P(,R) ;Lnbei

f eedback law def incd by dfly ~)~WiL f lame noae 1q)( . Inj tc!:mSJ
of the diFsturbance tcrpera('-uro u (X,-r) ,the set of equations,

u(X,iu=O) 0

(2.4.4) uC (x '"r 0

'1~ M + us-))i-K)x cS ,s .c 9' d s rcf '

+~ ~ ~ -is0

whore

1 1 fo 11

(2.4.5) L <e u s 0 T~( e)~e
STref s,rcf

Not- ice taat the initial eneir:- 70 ~i- uraoClq-Y
balance iS

(2.4.6) (i ~ 1rF+ i, ef± A' 1 )(-o)

where

R_ 1x - forO 0

for 0 o k

hm. 04A1
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Therefore, BC1 of Eq. 2.4.4 can also be written as

(2.4.8) (-' (u)C. s -" + ([-r.) - o -1 -. )Us)
' C

- I +(--1) (1- -R 1 1rf+ - 1)(0-0 +us)
Shref  c L cs

The transforma Lion into an ODE of the PD E of Eq. 2.4.4,
with BC1 given by Eo. 2.4.8, can be performed by assuming a
polynomial dependen f ot the d s [urbance t-mperature on the
space variable:

(2.4.9) u(X,) "' K0 (T) A K1 (-C) X + K2 (i)X 2 + .... K (-L)X.n

Comn-erts about The i mplications of this particular thermal
profile are given below. The above n+1 coefficients K. (r) are
to be determined from the boundary conditions which express
no disturbance (up to the (n-I)--th derivative) at the cold
en of the penetration depth and the energy balance at the hot
,)undary of the penetration depth. With our formulation this! impl ies :

-1. (X= o, (Ux)

2. u(X = XE, ) 0

(2.4.10) 3. (X XF,,) 0

n+1. (- ix ,r) = 0

w.,:cre XF= -F (T) is the penetration distance to be obtained
below. Afteral ebraic monipulations, one obtains for the un-
known profile of the disturbance temperature

n
u(X'-) = (UX)c,s- (F .

n E

For X = 0 one obtains at the burning surface

) (x 0, - us (UX)c,s 11

' "' ' " ' ::"1 1 i i =,l ...... - :.. .... *..
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from which ih unk;-o%,-n Jcertio ('- a e exp ce :ed

(2.4.11) F (T) -n -

x cs

The di sturliance r fltj profile is tbCen qjv;en by

(2. 4. 12) u(XM-r) + ( 0 ;X

where, u, (T) i s t--', IIIow f~> 0-mectr ds o -

be determnined. AIt i; oh-v ijd fi Ir on 1,4J0 ''n".' i 1
the timeo historv ofi t-he di ' inhain' ~ i i_! t 1 td
to d i s iu rbrainc I c Llina L y 1 - ' - 1' 1 I i' I

soace. indeed' therc J_' nI(, '?v r 0 o, (

to LCCI~iUIL-2fi nl( (*t l 1U oilil I C t Oif f I I' v x ml v
ovcrc'oYlie IDV c'l w l4 Pt 'W non a on der o 1) , ii pa-

cgatLi nk at- each l) i nn o- i im ' (p. 96~ ul 178) ()f- th.m

he at i npu t i nt-o tl 1 e cund 'n-1.a ' : loe d tb l s pvo-'dku '

will not pl'Ov4 S3S~r htu, 11(_"2 tesP 3 - 1)0 bth tlie 5 i t
and dv nani~c st ivdes ot.ciyea do Lai ledkn
of- thne !;iii ut-ure oF 'LheC t 142. nl prr

A sp Ce int tilp v Lot I-100 low be 1X rfo riiv-1OV' fr
0 to -U) of thcu P[OE:

(2.4 .1) U k 1 , ( x c*s RALX

where

*~~ A(0) \nm(---0 0 (,K ~

(2.4.14)\

do ddX

dX - Lx

~~be ino r () doefined by En-1. 2 .4 .11. Uoon substituting the ap-
pr0x i fnil te d-i S tin '-),ace tcern ra t~ure prof ile deoscr ibed by
Eq . 2 .4i. 12 , thne f o Ilo-wi n, i f cron tial e xpre ssi on is obtai ned:

(2.4. 15) R:t()n-- A(()) + A( l(U ) --C, C c nx CI
Ad. ------ - -- - ~ ---- v - - - ~ ~ ----
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Since (ux) f C()" f"(() , 'O (T.) , one obtainos fom Eq.
2.4.8 X~

d (u,) , du Fu ) Ct, ) dI
S xC's (1 ,S 0

(2.4.16) -d d- - ( - d 

0 '

For ex:amp]e, the time derivaivj of t h thrrna1 qradiont at
the co-dcnsled phase side may he .,xpicit .1y writ-ten as

d (R ifr:r (- - I) (I - ( + - l]
d (u ) du / u (Ux) ,,R c .± .....x c's S I X 0 l t

(2.4.17) d- d c" " + 1 +
T( u d_ _

X dT u c

which can be evaluated once a f I ame mod o] has been chosen and
the I awis XP (T) and F) (T) hv,. becin cx i-Tna 1y assigned. By do-
rivatincg, one ohtains from ]7qs. 2.4.15 and 2.4.16

I dusu du D (Ux~. q (u> ,s

(2.4.18) _ 2 u u _ c + Y uc( )2 d- Ux C,S s d- Lu a T alp ,
X C, U L i 0  L0 s

- (1-) clii]=. _ n+ u - (U) - /()4
n)Rus(x c,s R A

Finally, the following nonlinear ODE for the time dependent sur-
face temperature disturbance is obtained:

(u ).. - Cu) doR)
du S n+l (ux)c,s PuS (Ux)c, - R A(0) + do

SS _

S s (U c ,

(2.4.19) dT- ("x) 0F, sd

2 X C,S - ) C, S

s . s 0

with u ( uO) 0
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which is apnroxrinatel.vZ equivaioniL to the initial ]P1) Ethoun'ia r y
conditions forvula !Aori. Notice that in the above c7ut .ton
()(X) -is known (see E(I 2.4.2) and that onl y the L-urfaice ti,
puraturc appe-ars.

The abouve non inear 01)). i n the unhnc'~wn u (-C ) dlescril)A s
the resoonser of the , vFtcem to a f iite !si zc cenrc r of t he
surfac-c tempora turc lrem' the sa orVvIUcu not. onlv t)o
ini-ri nsic pert u rba Li on sour-"..!- actincl on the syvs t tm (.c t ':~ Itic
stail)-JI ity) I but. also tie) .11y trb tr~ry but. xterina I Iv Z"s " ,Ifl I
monot oniod 1 chanq e in ttieof ca,-nt ye 1 iinq pa rame L, rs sucha
pressure and radiant flu x(va s t-abi lit y). If one wishes.,
to know the whole ltemoera t-c 1)1 of Llo ho has only to sobsLi -

tto us(-L) in Eqc-. 2.4.12, cvalial ( t from Eq. 2.4. 1vii wt h
the help of Eq. 2 . 4. 8, and t1h nii use fhe u ;,(T) docf 1 n i t-ion
(Eq. 2.4.1) in order to determinei the ru ;ultant tempcrat ore
Prof ile .

Cons ide rations of a, qenura-l chial doter on the static sta-
hi Ili tv of the( kytiL'duscribcd hy Ic1  2 . .19 ca-n no%-i he macie.
A (liVen eciuiIibriumi confiqjuratwon of the systeml i'3 asymptoti-

U (-T) 0
S

or for' - -

M TX-) Ic (X)

ln other words, the system is (asvi-ptoti cal ly) stable jI- the
dist-urbanco (litsappearq at larqe time and the system returns
to i ts i niticl s tea -7cnfiqurio. olown y;nv( .26

of Ref. 88 ),Eq. 2. 4.1 9 can be writteon, in a mlore concise wy
as

- f (o + geo
(2.4.20).d S S

U o-L= 0) = 0

where

(Lo ) CSR u -(u ) -R A(W) + A
'241' f ) 1 n+1 l s x cIS ________(242)2n 11 c~o

2(u)- L u j Px cs 0 1,

is the autonomous (i.e., time independent) contribution,and

(2.4.22) q(t,u ) -- (i-r)-?c'S i±'
2- 1L u s I F 0
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is the nonautonomous (i.e., time dependent) contribution.
If no forcing function is acting on the system, i.e.

= cost and F = cost,0

then Eq. 2.4.20 reduces to

du
(2.4.23) -C- - f(u s)

by which the autonomous contribution assumes the meaning
of L static restoring function. Indeed, under these circum-
stances, one can think of Lhe chemically reacting systemcomprised of the eieflagratin coridensed material as analog-
ous to a mass-sprin* type of mechanical system which the non-
linear characteristic f (u,) . Consd(erine the u, (T) definition
of Eq. 2.4.1, Eq. 2.4.20 can also be written as

"'[dos 
U_

""- 1 - 0 ) - (T, -C- =fOs s s s
(2.4.24))

0 =O) s

The static restorin," function f(Ts - Os) depends on the
nature of the deflagratini substance but not on its burning
history; however it is afiected by the operating conditions
(pressure, ambient temperatur-e, and heat exchange with envi-
ronment), flame model, and maproximating polynomial order.
The nonautonomoun term g(-u,Os - O) chanqec in time acz:ording
to the first derivatives of the external controlling parame-
ters (see Eq. 2.4.22); however it is not affected by the
choice of the appro:imatinq polynomial order. The static re-
storing function, being a property of the deflagrating sub-
stance, can be examined a priori (see next section) indepen-
dently on any specific burning process. On the contrary, no-
thing can be said a priori for the nonautonomous term. Never-
theless, the following important remark can be made immedia-
tely. The final outcome of a burning process is controlled
only by the static restoring function when:

(1) no forcing function is acting (static stability); see
Sec. 2.6.

(2) forcing functions monotonically change in time from some
initial to some final value (dynamic stability); e.g.,
depressurization or deradiation; see Sec. 2.7.

(3) forcing functions are of arbitrary shape but level off
in time (dynamic stability; e.g., pressure or radiation
pulses; see § 2.7.4).

' t



Sec. 2. 5 -NATURE 01' THE )T;,'PTC Rlq.lOHIIIG I-U, ClJ0No~

Vic static restoring funictioni is an algeb~iaic non1-line-ar
functionl strictly de~pendent on the na turc of the burn-inri pro-
pellant (including the sp-c fic way its flame i: er u
. * e the flame- l:luI ' 'iip ntd and L '-he orderl of t I i5].:r

imat inql polyflomial us0500 in SecO. 2. 4) and the Ooeratin cf';!C!r:Ui-
Lions. Before exaliilningj quln-titative p lots, Consider thle cu
litative plots o.~Fg 12?a and FP-g. 1- 2bThis a wrto -

tract t,,e basic proPerties of thel static restoring function
i nderpendent.iy of the fl Olne (05 ri Ut io. I t is aint icipa t(]
that the heat release at tic siurace of the proecel ant iQ tile
mos t irlctaparameter .-,r the slhape of thle static re-
storing function.

S2.5.1 - Qualitative Remarks

Con:sider the qua]litative plot of Fig. 12a. According( to
Eq. 2.4.24, whcen no forcing function is actincq on the systeim,
all the Points (algebraic roots) for wich f (",. C 0
define possib-le equi librium con-igurations for t-he burning
propellant, sin-ce itheCy colrespond to d2 5s/dT =0. It:. JIs se'en
in Fig. 1 2a that, in addition to the trivial (is 0 (unburn-
ing propellant, root C) , two more equilibrium solutions (ot
A and B) aro allowed , in geoneral, for z. given set of par.-ime-
ters. Let uis consile ath m e eq(uilibrium con icurl tion corye-
sponding to root A. Suppose that, for some u~~fe esn
the burning rate oj the surfface temperature increases ai fini La
amolunt; then the bur ni ng prnollant is no longer in a statio-
nary configjuration, u l'-,,/c dc f (O~- s is neq..t 1\ . anf(' tic
system reaicis by dcea:-eing its surface tomnpci2 ture. Conver-
sely , if folr a urpcm£idreasonI tile sort'c- d LA-pe!leatjure
of a propell11ant burning according to the coni q01 503on r,f
root A dcreases, the propellIant reacts- by incrueaSj 1i q I
face temlperal are. These movements , around point tA, are ind i-
cated by arrows in 1-ig. 12a. 'It is concluded that the eqUi1i-
brium coiguration coirrespond ing i -ooi: A is -taible- becaulise,
when distur-bed, theo vropel lla nt alwa\ - mo-ves back toward A. By
the same avgJulents , i is concluded that the ccjuilibrium coi--
figuration corresponin to root B is unstabe n' itr
bance yields miovement away from the point. Therefore, in
steady state experiments, only solution A is observed.

If the set of param.e'ters is changed, for example the
pressure is increasi-ed from 1) to Ill, the initial condition of
the ODE. (see Eq. 2.4.2) is chianleod so that a new plair of roots,
Al and B1 ,is found in addition to the trivial Cs = 0 of root C.

I Again, roith Al Je i ncn a stab]le equil~ibrium configuration,
4 while root Bi def-ines an ans table ego ilibrium configuration

ccrrespondl ng to theo new set of parameters . Likewi se, a new
pair of roots5, A2 and 112 in addition to the trivial Os = 0
of root C, is found it the pressure is decreased from P to P 2 .
It follows th!t the ;I axis in Fig. 1 2a inciuda s, in addition
to the trivial so] eLon of nonhurning propellant at the root
C, a segment of stablef soluti on Al and a segment of associat-
ed unstalel so] Iuti on Pi (each pair of roots corresponds to a
given set of pairai.etAers) .Further effects noticeable in Fig. 1 2a
will be discuss-ed 1-lter.
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It sliouloj Ol expliiJtly obse-rved3 thait th., triial rl,. =O
solution may be- o1bLa ned thneoen if Ic(.,)T(rtl Ariheniius--typre
pyrolysiq law. for ma-ss prod,'uction al- the sur"face- is drorop 6c

(se 1k.2..I . ~w:4ri~a. I 5,o1uti(orin T th-it- no ext e.a
energy sourc: (e.g--. , radiati on) is actinri on the solid rro:eAlani

The q-uza Ilitativr pictu!_ re f ]'ici. 1 2a i I lustriites the q(-norti
behFvo of:te st'atic restornq function when the pressure_ isc vira~e ofi ty r~ - ~ x nirt-
varied taarorc~l tfx( empcrature and surfacc
heat release. The behavior of the s~e tic restorin,., function wher,
thle Surr -aCeb- -dcs is Vazri e rxa iwetrica i y , at fixed' alm-
bient temperaturr a-nd pre ssurr , is i. llAx.icrated by* the cuial-icat i-
Ve J.icLu.re Of FaqT. 1 21b . Of corn. Z!ca 1.T pre7(viouFs C031Siderat i enIS
hold, true. For v.eg]c,when. [hr, sura ezet release is lo,..
enough (in a sense whiLch 'i 1_1 h(- bet Ler uneaoa eow he plo-
po-itant behaives --gain acco-iny) to t-he static rr toriw naco
represented by curve CLA- (Fig. 1 21-) . 1lowver, for inc-casint Va-
lue1s of the surface heat rel ease , it is found l~ the static
restoring function is, rcr(sci, 1 e(1 by curve CrI I' Al E This is
rather surprising: in pri nciple, there are 1-,w LJVO potential
equilibrium'. conii J ure- tioni

Base d on the previous analy 7Sis, howecver , it is irmmeiately
recog nized that C is the stable cuil ibriui s.oiction for the un-
reactingj state (triviJal solution) . Lurther discussion is
reqiiredt t-o uniderst and the nature of th(e. renmaining four roots.
This is eas ily 1cop ishn ccl E7 coCid n the s ted tate -
nergy balatnce or- te overall combust icor, wave. F-or exaniPle, the1
graphic plot of Fig. 9 j,aows that for eaich se~t of parc-znntcrs
only one soltio 'sn -s for lthe reacting state. Conventional~-

Iv, call1 A tlhat o q t'cular root of Figs. 1 2a and 1 2b corre-
sp.oiding to the ,nercly bulance solutioni of Fig. 9. It follows t-hat
root , 1 allicougf ,uLable according to Tyapinov , is eliminnated
as bieing a reacting oequailibrium solution. In ether words, root

E isa alse eciui1_j. ab)r urn soluition intro--Iuced by the approximate
OAE formu~ltion of~ -the or obleii. The Boirn 1ot and DI are,
then, both unstable ecquilibriurn solutions for the reactinq sta-

* te.

For further increase of the surface heat release, it is ob-
servud that A- and D-tyne roots respectively increase (moving
to righ-t) and decrease (mioving to left) in the plot of Fig. 12b,
until coalescence anO then crossing over occur with exchange of
stability character. This important point will be discussed i-n
detail later (see Sec. 2.6) . For furthor increasi -ng of the surfa-
ce heat release, B- and P-type roots disappear after coalescence,
while both A. and E.) roots, for different reasons, are eliminated
as beinu stabl;_e rceactinci solutions (curve CA E in Fig. 1 2b).
Under these circumstances, it follows that ?-eonly7 allowed solu-
tioni is the trivial unrea-ctinq confiquyations represented by root
C. Any attempt to produce a stationary combustion wave with a
static res.toring functionm of tyvpe CA ' E will inevitably result
in ext inc Lion. This; type of ext ir--ctionj, however, cannot be quali-
fi ec as "'dynamic". cimilar behavior is observed in Fig. 1 2a for
decreasing pressurme at constcnt QS
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Quantitative ploLs of the static restoring functioh.
f~( - ) vs the nondimensional surface temperature -X.

are given for tht ropellarit AP/PBAA No. 941. A quantita-
a tive ploL requirts the choice of a specific flame model

and a specific oruer of the approximiating polynomial (see
Sec. 2.4). By apbAying diffc.ent flaeC2 mo.:els to the sa r-c
propellant, different stability properties are predicted:
this oilfcrs a critorium foj: discriminating potentially
good fion bad flame models. In this work MTS, RTSS (both
linear and nonlinear), KZ, and LC flame models are imitpl-
innted. As to the order of the approxdimating polynomial,
a cubic law was chosen to represont the space istrA.b--
tion of the disturbance thermal profile. This choice was
suggesl ed by a large body of literature on heat. transfer
problems (e.g., Ref. 78) and by similar solid propellant
rocket problems (Pefs. 79 - 80) . However, there is no a
priori guarantee that is the best (and even, simoply, a
good) choice. The choice has to be verified, somehow.This
is shown in Sec. 2.7.

§ 2.5.2 - Effect of Ocratinq Conditions

Plots obtained imp]emerzinq MTS, KTSS nonlinear,
KTSS linear (or, ecuivalently, 1,C or KZ with an appropriate
choice of the associated constant as suggested in § 2.3.3)
flame models, with a cubic disturbance thermal profile,
are respectively shown in Figs. 13-18, Figs. 19-20, and
Fig. 21. MTS flame was applied by assuming a combined ex-
ponential-power pyrolysis law at the burning surface (see
Eqs. 2.2.3, with Ok0.15 and 0). KTSS flame was applied
by assuming a power pyrolysis Taw (see Eq. 2.2.3b, with
w=6 and ohl=0) ovu.- zhe whole range of surface temperature
of interest. Comparative results are shown in Fig. 22, for
some standard operating conditions, leading to the conclu-
sion that MTS is perhaps the best flame model but KTSS non-
linear is r.trongly competitive; KTSS linear (or LC or KZ in
the appropriate form) yield identical results. The effect
of the order of the approximating polynomial for the dis-
turbance thermal profile is shown in Figs. 23-?6 for MTS
flame only. The effect of the specific heat ratio Ca/CcI
is described in Fig, 27 (quasi-steady working map) U-d I:ig.
28 (static restoring function).

The effect of ambient pressure on the static restor-
ing function vs the nondimensional surface temperature is
illustrated in Fig. 13 for the indicated set of parameters
(MTS flame and n=3); further effects due to the combined
action of pressure and surface heat release will be dis--
cussed successively. An increase of pressure implies an
increase of the stable equilibrium surface temperature,
but a less pronounced increase of the unstable equilibrium
surface temperature. The strength of the stability (see
Sec. 2.6) is enhanced by an increase of pressure. Similar
comments hold true as to the effect of external radiant

, " I: "1 't I I ] ] ' I I - f : - - . flK t 2".. ..:,. . .. .
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flux on the restoring function (Fig. 1,4). It is important,
* however, to note that vn increase of external radiant flux

decreases the unstable equilibrium surface temperature and
above a certain value of radiant flux intensity (e.g.,
40 cal/cm'-s for the set of parameters in Fig. 14) no more
unstable solutions are found. This implies that, in princ:l-
ple (see See. 2.7), at each -ressure a minimum value of
external radiant flux intensity exists above which the dy-
namnic boundary can no longer b defined.

The effects of surface heat release (Figs. 15a and
15b) are more involved. Note that, for increasing values of
surface heat release, the behavior of the static restoring
function shifts from a CBA-type (see Fig. 15a) curve for
Qs=-150 and -158.2 ca]/g, to CBADE (see Fig. 15b) for
Qs=-170 and -180 cal/g, and to CBDAE for Qs=-200 cal/g,with
A-D roots coalescence occuriing at Qs=-190 cal/g. This im-
plies that at 30 atm the propellant will show not only dy-
nam, ic stability effects in the low range of surface tempe-
rature (root B in Fig. 15a) buL also dynamic and/or static
staihli.ty effects in the large range (roots D and E in
Fig. 15b). Similar behavior is observed at 10 atm (see
Fig. 16), w.,"ith A-D roots coalescence occurring at Q =-170
cal/g. It is concluded that ct each pressure a critical
value of Q_ exists above which instability of the burning
prowellant'%w-ill show up; the critical value of !Q increases
with pressure. This trend is confirmed in Fig. 17 showing
that, for the standard value of Qs=-158.2 cal/g, A-D roots
coalescence occurs at 6 atm. This combined effeet of pres-
sure and surface heat release is of major importance; more
detailed analyses will be carried out in Sec. 2.7.

The effects of ambient temperature (Fig. 18) are of
little interest in the range investigated.

§ 2.5.3 - Effect of Flame Models

Similar trends are observed for the nonlinear KTSS
flame -.od-el, again with n=3. The effect of ambient pres-
sure in Fig. 19 is very close to that found with MTS (cf.
with Fig. 13); minor differences are found in the region
near the statically unstable root. The same comments hold
true as to the effect of surface heat release (Fig. 20).

Drastically different results are observed for the
linear KTSS (or XZ or LC) flame model, always with n=3.
The effect of anient pressure in Fig. 21 is virtually
the same (as compared both to IITS and KTSS nonlinear)
for surface temperature about or larger than the steady
state value, but is physically meaningless for surface
temperature less than about 90% of the steady state value
(no zero solution and no unstable root).

The static restoring functions for the three flames
are plottcd simultaneously in Fig. 20, always with n=3,
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for the standard condi 1. ons spcoi f indC a ti,, f n (IP '10

graphicailly erpa;~;sthe C, . f f ' C, - Oust ; ) 0' CC d

linear KT155 (oir LC or I ) -,re c CU sc, I,(iCe Irc i'' !_ il' il)
pri r'c i 1c acccoptible i 'u'" L s t i ronJ rez t_
ac1cCltiib]i for m-,ost of L110 ''-11.C Gc'e''' Ce r r(I

Values (ccp arex.-tinct i~i, sincec.cIAl
is not con's~w-, c' P) , MS ip@is in principle ccp0i2
over the who le ran q:: of su I af1co tecinpe ra tre of t er

5 2 . 5.4 - en:cl of Pnjna ,orde r

The ,fee-t 0:f trie orrac: rOf the poll 1yno;!t; l:pr3..ic .
i ng thecu u h : henaI pi cC: C 1c on- t1_1 Sli 3c : tc
incj f~n7 ' i~' '~ 23 (P-10 ,ji) r i-. 2-4

(P'- 20 aJ H.) 77 (1k *,'3 CL,)c h 6 ( tt

tiee1 NTS 1 o' hlJ0 (f the Ftat c' rc o 1 ' .1 ulctiC'
iS1.5 IA) t c( I l v\C'] ' J 1('I f I -c, 4 LIle .L~ ec, s'' ' (or
stbl j 1v) C, )- _j 4, J ()I; I C ,, r .1 c ( ) n c s c 1,uc

t ion) n t C, T''' v J a o n s o Tu- n i 'i~ ced

i c) I I Iut . '' ' I 1i n11C C '-' r'' I I 1'jilli y C:c

1 I .~ '''na] 110r i~en. :tpciy

Z Aa '_1 1o' 1' '.,i Lb 1,' root I f- Oise

E; t' N0 j. fec from '1: t1o-
1.', 1,1 ' c 1' '~ (2.7.3) _S a ov' ''0 (O

cC' ''jfa pr~jI'a 4 _IC I b)( IU?,tjCIO j, 1 tt''

2 . 5. - Iffleet o~C,,C, -4 1

'1 cf~~t'ct o~ c:)'j~ti1 c 11a i ) '' n'
unie 5 u:; ' 0 :i 1'io, 27-28 o. i". o.,e (A1-.ta \ 'C X--

10! in o 1io. 27 Ic 1 'L U lul a'ny 7vC(, i.12

a11 i CC cc OI (. 10 ; ~ I,"-a tt'' C'1 9 'I\h'1 ~~
/ ; !iji ii ,Ca I _ i ] ~ '' f,%Ili , - c ue wi. Ph 1e.( _C) , t hecr f1 1"t ''c I::c e

as; well [Ij 1a'-, cc. i .('lICC'S lri ye 1 to 'C sty-

dynall ) i ils La 1 ' I Vat~. 11!' I a'" oi rIi. 28 concc' 'is 1.1TiS 2nn
wit n3 ih Ct rc to' 1 r( nq u~ncti ""! ir~v' i mlu] td'Ov-

1% for 1 / 1 12 an~ CO /' . alo -It- 1 0 atm an',: --,C atLm of
pre~ssure. Onle c".n I Iardl Iy d',, c,1 (( any diffi.-cyicc at 30) atmi
(no upper intblt),whoreas upper ins tability at 10 atml
is st.ronyjiy riaducad,( by C IC_ 1 .12 . Si ci -1 ar ticrJ r
found w'it LbOther 13 alan s as well.

B~oth effects (cquasi-stczndy -work ing mIap and stLatic re,-
storing function) are confirized for C 9/cc = 1 .24 .

S2.5.6 - Effect of c ; 0

The effect of radiative heat loss from the burning sur-
face with emiscivity E 0.*75 waS found negligible in all
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obiouslIy, t he Lrill II.1UntO.! Cli ]),. sol ut I n C I 0
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of Q, values for which seIf- sustai ned osci 1 atory burning
may occur is narrower than mdi ca Led in, Tab. 5. Indeed, in
this oscillatory regime, the burning propellant bounces
back and 4 or th unde r the crce 'It i n in L lUence of D and E
roots. For dynamic reasons thC amalitaiie of the:se' surface
temperatui-e oscillations has] to he somewha t largc- than
• (E) - K ([). Thi-s i.i.)...s that, eally r - D
roots coale-scence, oxtirict Lo0 ',11 so.Cwh2at shrink the
Qs range of sclf-sustainee n.lc llatory burning.

The frLequency of thesr s- If-sustained burning osci l-
lations is expected to be sc<:.:aat related to the condensce
phase therieI wave relaxatior time (It the final operatLntj
conditions of a burning transient):

(2.7.5) [ = /= (tJ,Fo

However, the exact meaning of this parameter is open to
questions in the present content. Thi s point will be dealt
with further in next section.

A most signiticatyive w-ay to summon ze the findings of
this investigation is shown in Viq. 48. This is a surface
temperature vs pressure plot at constant QS (the standard
burning toe vs pressure plot on logar Lmic scale is in-
convenienL for graphical reas*onLs). Root A corresponds to
what is usually measured in a strand burner. However, for
pressures less than A-D coale!',cence, A root becomes stati-
cally unstable and the solution is a self-sustained oscilla-
tory burning peaking slightly above E and below D roots.
For pressures less than B-D coalescence, in no way a react-
ing steady solution can be found. Therefore, for a given
propellant, it can be concludced that presaure favors combus-
tion stability. However, too large pressure might cause in-
stability of the monodimensional heterogeneous deflagration
wave (Ref. 89); but this is out of the range of validity of
this study. On the other side, for decreasing pressures,the
burning wave "jumps" abruptly from the usually steady confi-
guration to a large amplitude self-sustained oscillations
before getting fully extinguished. Exactly this same remark
was made in Ref. 68 on a totally different basis. In view
of this, experimental techniques (and the very concept of
pressure deflagration limit) should be re-considered in
this region of marginal burning. Pressure deflagration limit
can be thought of as that critical value of pressure discri-
minating between self-sustained oscillations and no steady
reacting solution. It follows that pressure deflagration
limit is associated with lass of static burning stability.

A possible physical explanation of the above results
is the following. Any self-sustained reactive system is ca-
pable of exothermic reactions. These partly occur in the
gas phase (Q) and partly in the condensed phase (H). The
total energy release Q(T) + IHI is determined by the energy

Li
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balance on the overall steadily burning propellant for the

given set of opoiatinq coriitions. For a fixed set of ope-
rating condi. e.i , Itcns1i C reases while g ,. decreases for
increasing burning ratc. For low values of It , an increase
of burninlu rate anc throb' of ls R 1II is counterbalanced
th rough a simultaneous decrease f 1u, . l/N and increase of
the h -a t fl ux ill -'s orbed into the condensed phrase.
lloweer, fox largo vain of 11 , an inc:case of bur-in(
rate mi( ghr be 6ostabilizing if j s increases more than
(c,s- qCi,s) . This impli.; ,"n acceleration of the co"'us-
tion waye, that is the app.rince of a D-type root in the
non] Inear static restori 'a f'unction. On the othei hand,
for the same se't of operating conditions, a large increase
of burning rate (up to oci-drs of magnitude, see Sec. 2.8)
is strongly stabilizing. indcod, under these circulstances,
the increase of c,s is much larger than the increase of

+ g,s) due to the Arrhenius-type dep-endence of the
surface on the burning rate. This corresponds to the appea-
rance of an E-type root in the nonlinear static restoring
function. Therefore, at each pressure (see Tab. 5) a critic-
al (A-D coalescence) value of surface heat release exists
above which the energy coupling between condensed and gas
phases becomes locally unstable, i.e. a burning rate di-
sturbance due to the change of heat flux absorbed into the
condensed phase is counterbalanced only "in the large"
(through a limit cycle process) by an appropriate change of
heat feedback from the flame and the surface reacting layer.
At each prcssure a second larger critical (B-D coalescence)
value of surface heat release exists above which the energy
coupling between condensed and gas phases becomes totally un-
stable (except at the trivial root C), due to the excessive-
ly large thermal gradients occurina in the condensed phase
near the burning surface.

As to the pressure effect, increasing pressure implies
increasing Q, which subsequently required a larger value of
IHI for destabilizing the combustion wave. Larger pressure
require larger value of IHI for triggering both upper insta-
bility and the self-sustained oscillation mechanism.

§ 2.7.4 - Ignition of solid propellants

Attempts are being made to extend the (nonlinear) dy-
namic combustion stability analysis to ignition transients.
Just as dynamic extinction, ignition can be seen as a stabi-
lity problem in which transition occurs between two statical-

j ly stable configurations: from reacting to unreacting for
dynamic extinction, viceversa for ignition. Obviously, for
both problems the transition cannot rigorously be described
by a transient model with quasi-steady gas phase. However,
for both problems it is not easy to do better and probably
not strictly necessary.

With this limitation in mind, numerical runs were perform-
ed under several operating conditions to check whether the pre-



viouslv defined low~er dyinamic stability onay(c.2 .1
sinrjlcs GUt a cr1 Lical conciition for i qniti-on Lrans Lcnts tot).

In generalI, thc a nswv.er is no. Th i.s is not soLCI ri i iq, , si ncc
the lowelr Cd vniaic biitvban iidair:) wa0soa itcib ~
of the s atic -r-s;torinqj f:utic Lion. In turn , th is5 is bz1a(11 5 :Y o
finite di sturbances of burning pi-op: Lants from~ a stjir~ir
configuration. llo'Jever , for somie sp,, ific prbesthe: cvna2C~-
ic stab i Iity citn 3~sis turned Cut u seful 1Yor exanvil e ' o"
verdr iven icgni Lion transients 4th1,e dynamic burning icoin
the extermna' c nerfv source cut of i~_-y lead to cxtinc-Lion
(Refs. 58-59) . This1 IS cerLct lv pr e -i ted by)% the Stancaerdi
lower dlynam-.ic sU ta ii ity bouncitry Unuer appropria to c-ircuii-
Stanlces , whose extenit if; oresentl y ulder study,' this b )UndaL-
ry assiqns also a static requirement: for ignitiLon to occur.

§2.7.5 - Final remarks on dynaic cemb1us Lien s;tabiltY

A graphi cal su.tunar v o' the ( non linear) combus tion s tahIJ -

li ty analysis is ofie-recd in F'i (-. 49. Tnas- is a -,tandard
R vs P plot. The curve 1IN(P) is cbtA Incd ex.per;L-menta ily; theo
same curve is reprodluced by 1E'ISS (hot L1inearl !zed andl noni I-
nca r ve rsionrs) f Iame moodI, . IMTS I 3ailie mo1del alIso reproduces
the experimental p~(1') curve, but wit-h some tolerance due to
the fitting procedure reqluired to ev,_l.uate the proper gas
phase parameters; however, this tollerance can be mad,- negli-
gible if enough care is exerted. The combustion stability a-
nalysis is then able to predict the lower dynaiiic stabi lit 7 ,boundary, the static stability boundlary, the pressure defla-
gration limit and the sela,-sustaincd oscillaitor-y burning re-
gime. The region of dlynam-iic stability is bounded also upward
by an upper dynam-tic stabil ity boundary, (not drawn) ;whichl
would lie so-mewhere above the R(P)) curv1,e, extending from the
self-sustained oscillatory burning region up to some maximum
pressure; in this pressure interval damped oscillatory burn-
ing is expected.

All stability features discussed in this study were de-
termined within the framework of a thermal model of thin
(quasi-steady) heterogeneous flamnes. Both static and dynamic
combustion properties, including self-sustained oscillatory
burning, are related to the thermokinetics of the deflagrat-
ing surface. Diffusive effects and wave propagation in the
gas phase were neglected.

The general behavior of thin heterogeneous flames, for
I decreasing pre~ssure, in the standard burning rate vs pressure
J. plot (Fig. 49) includes stationary burning, damped oscillato-

ry burning, self-sustained oscillatory burning, and no self-
sustained reacting solution. The critical value of pressure
under which self-sustained reacting solutions are no longer
allowed is the pressure deflagration limit. The available
quasi-steady flame models are questionable in this marginal
burning domain; however, this new concept of pressure defla-
gration limit associated with heterogeneous (thermokinetic)
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burning ins tabil ity rather that nonadiabaticity of the comn-
bustions wave makes sense. Nonadialhacity increases the value
of pressure deflagjratioii li-mit; other stability boundaries
are affected as well.

The nverall picture of thin lictero~r incous flames f or
the first time seems fully uncderstoxl . 1Beirark thai: the tran-
sient behav ,ior of such flanes is pred:actud for both pressure
ancl raclia tion1 driven-j- combu LI oin)I wavesF. Thiin heterogenleous
flames are (Iig. 49) sta tical l- and dynamically unstabl-e be-
low-. the dyna:1,ic limit, staticacl iv.. aind. dynamically stable a-
bovec- the static lmt(excePt Lor dam,,ped oscillations), sta-
ticallv unStale but dynamuiically, sta ble in the reg,,ion between
the two limits. Recall, that the dynamic limit is vzalid instan-
taneously for forcingi functions monotoniccill-v decreasing in
timle, asymlptotically (r TQUc-) for forcing functionsof arbi-
trary shape but level ling oft in time (in particullar, pres-
sure or radiation pulses).

5 2.7.6 - Important remiark on the static boundaries

Pressure deflagration liit has revealed its nature of
boundary of steady,, burning stability associated with decrecas-
incj pressure. On the contrary, the "static burning stability
boundary" introduced in 55 2.6.2 has to be- interpretecd as a
boundairy between existing and nonexisting steady solutions
associated with increasing heat loss and/or decreasing ambient
temperature. It should be callod more properly "static burning
boundary"; i -n what follows, -for the sake of clarity, it will

* be called "static burning (stability) boundary".

j,

_mom
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Sec. 2.8 - NVMSRTCAJ CQ'PU.. TOS

Computer checks ',.ze t)o_ ,,frld by solving numerically
the comp le e P DH: formJla tiC:, of the c:,, ra I ca i-stearv,
gas phase transient problem (sce Sotc. 2.2), whereas the
combbustio.-i stability hou::dcuies wera deLermined by analv-
tical means from considerat .i ns about the approximately
quivalent ODL formulation ( cc Sec. 2.7).

§ 2.8.1 - Numerical Apnroach

In this subsection t ni nc:r1 ri¢al code ei,oloec for
the solution of tho 2 PDE fo; u]uaio of the problem is do-
scribed . Quasi- s -ca gas po so trans '. iocn gs can ho simult -
ed with coy kind of law (enential, parabol ic, linear,
pulsed, .... ) for the h s-oty of the con tro l inr,' par ret rs
(pressure and/or radiation) an(] for several I lane modeis
(MTS, KTSS, KZ, and LC). Comutations were mostly performned
for the propellant AP/PBAA No. 941 whose properties are list-
ed in Tab. 1

The nonlinear parabolic PDE of Eq. 2.2.2 was integrat-
ed according to numcrical Schemes taken from Ref. 91. Consi-
der the simple problem

T - X "-= 0

(2.8.1)1 -

l(X,T = 0) = given

boundary conditions

where 0 =0 (X,T) and o is a constant assumed positive.
The time derivative is numerically app.roximated (see Fig.
50) by a weighted average of the values in the neighbor-
hood of the point we are solving for OPj (scheme No. 13,
p. 191 of Ref. 91): J

3/2 n+1 - 2 on + /2 -

ao 1 j1 j+1 j+1+
a 2 6-C

~ni3/2 0n+1 _ 20n + 1/2o.
(2.8.2) 51

32Cn+l 2 n_+12 n-1
1 "-1 -i j-1
2 AT

The second space derivative is numerically approximated by
a standard central difference:

- -- -i ... .. .. .. . --- . - .. .- i
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nl+i n+1 n_+1
+" 2 n+ .~

(2.8.3) 2 0 j+1 2 j-1
iDX2  (/,X) 2

This scheme is parti cul arly convenient for rapidly vJarying
functi.)ns and is known to be always stable. An estimate of
the truncation error is given in r'Jig. 50.

An alternate numerical approach (see Tig. 50) also
implemented in the code resorts to a simple Crank-Nicholson
scheme (scheme No. 2, p. 189 of Ref. 91) for which the time
derivative is simply

0r+1 n
(2.8.4) 2 0 0 - 0j

3 x AT

This classical Crank-Nicholson scheme, requiring two time
levels, is always initiable since in our transient the first
vector in time is just some steady state thermal profile
(usually evaluated by analytical expressions). On the con-
trary, the scheme of Eq. 2.8.2 demands an initialization pro-
cedure since the knowledge of two previous time vectors
n-1 (X) and ®n (N) is required when solving for the current

vector 0 n+1 (X) . The simul er scheme of Eq. 2.8.4 is therefore
always implemented for the first few time integration steps.
It is an user's option then to switch to the scheme of Eq.
2.8.2 (more suitable for rapidly varying phenomena) or to
stick with the scheme of Eq. 2.8.4 (more suitable for contin-
uous adjustments of the time step size).

However, our problem includes other lower order terms,
such as the first space derivative in the convective term,
which can jeopardize the utility of the above numerical
schemes.It is shown in Ref. 91 (p. 195) that stability is
unaffected by the presence of lower order terms with constant
coefficients. In our case, the strong nonlinear dependence of
the convective term not only affects the choice of the time
step size but also might influence the stability of the over-
all approach. No general safe method exists for dealing with
the complicated problem of Sec. 2.2 and the obvious method
of using the above numerical schemes with sufficiently small
discretization steps was adopted. The time step size is as-
signed within a range of values which are always a fraction
more or less small (depending on the specific computation)
of the corresponding condensed phase characteristic times.
Moreover, with the scheme of Eq. 2.8.4 it is an easy matter
to adjust the time step size AT at each integration step by
monitoring the tolerance of the predictor-corrector approach:

0 n + 1- 0 n + 1 (1)
(2.8.5) s 0n+1 (1) X 100 Sto

where Os is the predicted value of surface temperature (by u
parabolic extrapolation of the past 3 values) and 0(0) is
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the corrected value. The tivl-_ step s.ize AT is adjusted
automatically, within preas;igned nodnds, according to
S tol value. The practical con:ecmTionce of this n rocedure
is that Lhe surface temperaCture clra('ent in tI e is uua] -
ly very small. The space Mnsii size is di]scussecd next.

Both the boundary conditions of Eq. 2.2.2 have a
direct influence on the space not dimnsion, hut their ,o-
quirements are in opposiing dI -ections: BC2 requir-s ,in (.:-
tended space net which goe deep i l]ide the solid phasc,
while BW1 requires a fine s'paco net. In order to avoid un-
necessary expenditure of c(,mputer core and time, the t,',,e
rature at the corid boundary is consd]ercd to be appvox ii a-
tely zero when it. is of se eral oreris of iacgnitu Ie lss
than the surface temperaturc. Computer runs p}r ormeO(i for2
different sets of input data and operatinq cond i tions :-

dicate that cold boundary LCmporaltures 0(X-....,-) = 0(10 - f )

or less have no appreciable influence on the structure of
the thcrmal prefile near the surface of the condensed phase.
At each time step the total number JF of space steps i s
then chosen by requiring that 0(X-- .. ) is conveniently
small but not too small (in such a case JF is decreased).

The numerical treatment of BCi of Eq. 2.2.2 has
proved to be most delicate. This is obvious if one consi-
ders that the couplinq of the gas with the solid phase is
expressed precisely throuqh the energy balance of BC1. An
error is introduced whenever the te-mperature gradient at
the surface is evaluated using a too large space step. Phy-
sically, this is due to the fact that volumetric terms (ra-
diation penetration, convective and unsteady effects) be-
come important compared to the surface terms (collapsed
reacting layer, condensed and gas phase side thermal gra-
dients) and cannot be neglected in the energy balance across
the finite thickness AX required by the numerical approach.
For each run the space mesh size AX is then chosen by requir-
ing that across the first AX

AO due to volumetric terms «1BC1 error 5- due
AO due to surface terms

The above check is made at each time integration step. Com-
puter runs performed for different sets of input data and
operating conditions indicate that a BCl error up to a few
percent, at most, has no appreciable influence on the over-
all numerical solution.

The numerical molecule shown in Fig. 50 is associated
with a single mesh of dimensions AX.AT and implies the solu-
tions o-f JF simultaneous algebraic equations on 3 (scheme
of Eq. 2.8.2) or 2 (scheme of Eq. 2.2.4) time levels. The
parameter JF is an integer assigning the total number of
nodes in the space net.The algebraic system derived from

" I ? 1 '. h -":-- .7... .... -- ..
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the discrrtizatjon of the PDE of 1Fq. 2.2.2 is then cast in a
v'ery spocial form cal ledi a tridiaqcnal matrix. All efficnt
method of solution suitable for automatic computations is
indicated in Ref. 91 (o. 199). Both the schemes shown in
Fig. 50 a -ce imip1icit an(d uncondi tionc1y stale h (when ap-
plied to th-e simpI. diffusion problcm discussed at the be-
ginning of this section). liowever, schee (a) is superior
to 0cra (b) in that, containing more "memory of the past:"
it better represents rapidly varying functions. Moreover,
the truncation cr-or for schenee (a) is of order (AX)"' rather
than (Ax) : as it is for schcmi (b). On the other hand,schene
() is more suitablo for continuous adjustments of the time
step size and does not require an inizialization procedure.

A flow chart of the overall program is shown in Fig. 51a.
The program allows the user to perform 4 different types of
calculation by issigning the appropriate code value to the
parameter 101. Transients of ignition, dcupressurization, or
deradiation and steady states can be computed lor fixed val-
ues of external controlling parameters. The first step is
the computation of the restoring funct ion by PPSTPL subrou-
tine. Giving an apn ropriate value to the par1ameter NOSTA3,
values of the restoring function at different conditions
are computed and printed. This computation can be avoided
giving the value 0 to the parameter. As a second step, the
steady state configuration corresponding to the arbitrary
but fixed initial conditions is evaluated. This is done nu-
merically by the subroutine RTMI (taken from an IBM scien-
tific package) solving the nonlinear algebraic energy con-
servation equation by a bisection method (Ref. 90 ). The
transient is, then, evaluated by implementing the numerical
schemes already described.

The coupling of the condensed phase energy equation
to the surface pyrolysis law through the convective term of
the PDE of Eq. 2.2.2 requires an iterative procedure for
the surface temperature Os . Moreover, for the MTS flame mod-
el the coupling of the condensed phase energy equation to
the gas phase heat feedback law, through BC2 of PDE, re-
quires another iterative procedure for the flame temperature
Of. Notice in the flow chart of Fig. 51b that the of loop is
internal to the Os loop. Therefore, the overall approach
consists in evaluating Of for an assumed value of Os and
then in checking 0s . This is done with a simple trial and
error procedure for the first new integration steps; suc-
cessively, a predictor-corrector type of approach is im-
plemented through a parabolic extrapolation. This is ac-
complished separately for both loops and for each of them
a convergence test is applied at every integration step ac-
cording to the following definition:

loop error = corrected value - predicted value

lcorrected value

Typically, an error of less than 0 .3% is specified.



Typical values used for the time and space step sizes
are:

Ar = 0.01 and AX = 0.01

Such value; are by no means manrdatory and have been adapted
to specific situations ,,ith the overall goal of the best
compromise of cost vs accuracy. A minimum number of about
one hundred steps in time i!:; usually pecrformed. Since the
surface temperature gradient usually changes in time, a va-
riable time step size is used during the same computation
according to the proc-edure me. Lioned above. A minimrm julL-
ber of about one thousand steps in space is usually adopted.
However, particular situations (e.g., self-sustained oscil-
lations of burning rate or oscillatory changes in time of
external radiant flux intensity impinging on a sensibly
transparent propellant or transients near pressure deflagra-
tion limit) may require much more tedious computations).

The program has been writtcn in FORTRAN IV lan-
guage and has been run mainly on UNIVAC 1100/80 comuter.
A typical run requires a core of about 50 K. Severa] sub-
routines are also available in BASIC and implemented on
HIP-85.

A series of checks were made, and some were incorporat-
ed permanently in the program, in order to make sure that
the overall numerical approach was performing as intended.
Actually, the difficulties inherent in the numerical solu-
tions deserve a full study by themselves; therefore, only
semi-empirical tests were performed. The first obvious
check is to compare the results obtained in this study with
those found in previous investigations. Likewise, very help-
ful is the comparison of the steady state solutions found
numerically with the corresponding analytical solutions.
These checks were used to localize all possible trivial er-
rors upstream of the overall numerical approach. The appro-
priate choice of the time and space size was verified ac-
cording to the standard procedure of varying the time and
space mesh size in a programmed manner, while keeping the
input data fixed, and making sure that no appreciable dif--
ference in the results could be detected by halving or
doubling the mesh size. The stability of the overall nume-
rical approach was checked by letting the computer run free
on hypothetical transients with no change in time of the
controlling parameters. Oscillations of negligibly small
amplitude around the initial steady state configuration

(known to be physically stable) were observed. All these
checks, although successful, not only are not conclusive
but also are, in principle, restricted to those specific
situations in which they were performed. It was felt conve-
nient to have some form of internal check in the program
itself, so that each run could at least be considered self-
consistent. Therefore, at each integration step, not only
the cold boundary temperature and the BC1 error previously

-I' IT
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mentioned, but also the intec.ral balanice-s of energy in the
solid phase and across the whole deflagration wave are
checktd. Again, the!:;e als;o are not conclusive tests but
must rather bo vie-.,wj zi. cffeactive w.,arni nc signals ;,henevc-r
the integral balance i5 not satisfieci at any stage of- the
trans ien t.

§2.G. 2 -Dyn-ami c cx t Inc i on so jjryelrt

Checks of the lower dynamic t-tability boundary were
perfo3,niod for sex'mra16vciata and depressurizc't ion tran-
Siun tl lows ( see Tab. 9';,s n the lower dynamic s tabiIi tv?

boc~hrycorresponcist stcicaly unstable roots, it cannot
be Observed dilrectly 0_. t cNsucrvimentally or numerical ly. A
go/no-go) technique is required (SeFigs. 52-53) . Rtesults ob-
tainedt arc graphicall.y illustrated in FLi qs . 52-66 and)L su!,Mma-
rizc'd in Tlab. 10. They confirm theo anlalytiCall predia2tiol' as
to the lower dynamic stability boundary; in particular:

(1) its indepc.endeonce on the specific monotonic law..s implement-
ed (linear, bilinear, parabolic, expocnential) , Figs. 54-5/.

(2) its indepc-ndence on the specific coefficent rate of a
given mono tonic law. Figs. 52-53.

(3) its validity both for: depress-urization anid/er deradiation
transients. Figs. 01--62.

(4) its validity for both optically opaque or transparent con-
cdensed pase.Fig. 63.

(5) its validity tar simultaneous or consequential monotonic
forcing laws. Figs. 64-65.

(6) its validity for pulsed forcing laws. Fig. 66.
(7) its dependence on final operating conditions. Figs. 57-60.
(8) its validity for MTS and KTSS nonlinear flames; no lower

dynamic stability limi~t exists for KTSS linear, KZ, and
LC flames.

It is further suggested that n =3 gives an excellent
agreement for any transient with final pressure Poll larger than,
say 30 atm. For laro er final pressure either n < 3 or more ac-
curate n10nerical schemies (due to the strong dependence on ini-
Lial conditions) are to be implemented; this is yet under

.A study.

§ 2.8.3 - Upper dynamic cox-bustion stability

Results concerning the upper dynamic stability limit are
I illustrated in Figs. 67--68. Runs with exponential increase of
I pressure from P. = 10 atm to Pf =30 atm are plotted for sev-

eral values of the surface heat release Qs (cf. Tab. 4). As
expected (cf. Fig. 43), for 1QsI sufficiently low (Fig. 67),
one observes a smooth transition from the initial to the fi-
nal steady state equilibrium con~figuration (see, for example,
QS =-150 cal/g). For larger values of 1Q51 , a vigorous acce-
leration of the wave occur (Fig. 68). Following this, the he-
terogeneous deflagration wave will relax toward a stationary
solution (Fig. 69). This is the stable steady state reacting
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configuration for }Qsj less than the A-D roots coilesconcc
value, self-sustEi nud osillati ois for ;Qsj larger than the
A-D roots coalescence value, and the stable steady state un-

reacting configuration for !QLr larger than the b-I) roots

coalescence - aiue or whenrver the dyna!idr.s of the transient

is too fast compared to the propcllant response capability.

This is discussed next.

§ 2.8.4 - Self-sustained oscill3atory hurnrinq of. o d or-

The pressurization runs from 10 to 30 atm shown in Fic.

69, for several values of Q,,v, ure computed irrplementinq MT'

flame. The results nicely confirm the existence of the three

static burning regimes predicted by the bifurcation diagram

of Fig. 43. Remark that jQs, 180 cal/g is less than the

A-D roots coalescence values (ItS, = 190 cal/gj) , while 'O:H
220 cal/g is very close to the B - D roots coaCsc<_nce value

( 10sj 222 cal/g) . Compare with Tab. 4. Notice that for in-
creasing Qst , the same external forcing function gives more
pronounced dynamic burning effects. For example, see the suc-
cession of the initial surface temperature peaks in Fig,. 69
for the three indicated value of Qs. Large values of IQs , fa-
vor (dyntmic) eotinction,duc o overstzbility, dri.n the initial ransicii.

For IQs, = 200 cal/g the numerical solution of the pres-
surization test confirmrthat, after a certain transient, the
conibustione wave undergoes characteristic, sharp self-sus--
stained oscillations around A root (Qs - 1.61) and D (9s =

0.94) roots. The results of further computer simulated tasts
are summarized in Tab. 11. No self-sustained oscillatory re-
gime was found for several values of i Qsl180 cal/g and

IQs, 210 cal/g. But for Qs = -200 cal/g, after a few transient
cycles, exactly the same oscillatory pattern was found for
cxponential pressurization tests to 40 atm with B = 200

from P. = 10,20 and 30 atm. However, the amplitude and the
period r of the surface temperature oscillations decreased,
for increasing final pressure, according to the values listed
in Tab. 11. Exponential pressurization tests to 50 atm, with
Bp = 200, from P. = 10 or 40 atm confirmed this point. All

this evidence neatly suggests that, for a propellant with
the appropriate value of Qs, the existence and the proper-
ties of the self-sustained oscillatory regime are uniquely
defined by the final operating pressure (being all runs per-
formed at fixed ambient temperature of 300 K and for adiaba-
tic burning). In Tab. 11 for the reader's convenience,the val-
ues of Os (E), Gs(D), and Gs (A) are plotted for n = 3. Like-
wise, the value of thermal wave relaxation time in the con-
densed phase, Trthc =R-', are given. However, the exact mean-
ing of this parameter in the present context is open to ques-

tions.The previous computer simulated tests were obtained by

implementing MTS flame. Pressurization tests with KTSS non-

linear flame, from 10 to 30 atm with Bp = 1, were also per-

formed. Unfortunately, the value of Qs=-
2 0 0 cal/g falls

,..,.......................... ................ ...-
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outside the range of applicability of the KTSS nonlinesr
flame at 10 atm; therefore no direct cormparison with MTS
flame was possible. The same pressurization test was then
attempted for Qs =-180 cal/g. A self-sustained oscillatory
regime was detected (Tp=-2.8) , with the same general features
observed with MTS flame (see Fig. 70) .A self-sustaince osci]-
latory regime with I''SS nonlincar flame was also detected by
Kockc.r and Nielson (Ref. 74), who found T. = 1.36 at 68 atmn
for IQsJ = 105.8 cal/g (their INI = 0.88).

The characteristic spikes, observed in all run, of the
burning rate oscillations physically suggest a succession
of thermal explosions of surface layers (strongly and in-depth
heated by the intense -eat source due to large ic, values at
the burning surface slowly regressing for most time) followed
by similarly fast burning rate decrease (due to tiqht coupl-
ing condensed/gas phases at high burning rates) and slow
thermal wave build-up (ignition lag). For any combination of
pressure and surface heat release, a more or less narrow
range of values exists for which self-sustained oscillatory
burning is the only allowed combustion regime. In any event,
within the frarework of heterogeneous (thermokinetic) thin
flame combusti on stability theory, low pressure associated
with large surface heat release favors self-sustained oscil-
latory burning.

A region of particular interest is near the pressure de-
flagration limit. lt was predicted analytically (see 5 2.7.3)
and is confirmed nume ically that low frequency self-sustained
oscillations show up wflen the pressure is lowered down to the
deflagration limit. Several experimental reports on this phe-
nomenon can be found in the Soviet literature. A recent paper
by Japanese authors (Ref. 92) further cl.aims that low pressure
self-sustained oscillations can also be associated with (stea-
dy) external radiation. Computer runs in agreement with this
experimental observation are shown in Fig. 71:notice that fre-
quency increases and amplitude decreases for increasing in-
tensity of the impinging radiant flux.

§2.8.5 - Effect of Cg/C 1gc

The effect of specific heat ratio not (necessarily) unity
is to make dynamic extinction more difficult due to both slight
decrease of the lower dynamic stability boundary and larger re-
sistance to changes of the instantaneous surface temperature.
See Fig. 72. The overall effect is not large, though.

The consequence of Cg/C c / 1 on the self-sustained oscil-
latory burning is more sefisible. At a given pressure, oscilla-
tions require larger IQs refl and, mainly, feature less impor-

tant spikes than for C /6 = 1. See Fig. 73. At a given

Qs,ref, oscillations snow up for decreasing pressure until the
deflagration limit is reached. See Fig. 74.
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§ 2.8.6 - Ignition of solid propellants

Several go/no-go ignition transients were performed. A
significative example obtained with MTS flame is shown in
Fig. 75. The two runs plotted in this figure are identical,
except a negligibly faster cut-off of the external radiant
source for the extinguished case. The minor dynamic effects
associated with the cut-off of the external radiant source
are not enough, for the ignited case, to lead the instanta-
neous surface temperature (or burning rate) below the corre-
sponding critical value. Under the specific operating condi-
tions of Fig. 75,the lower dynamic limit is seen to consti-
tute a rather accurate boundary both for the static (minimum
energy) and dynamic (smooth energy source cut-off) ignition
requirements. This, however, cannot be generalized. Indeed
the lower dynamic limit was evaluated for an initially stea-
dily burning propellant. The exact connection, if any, bet-
ween ignition and lower dynamic limit has yet to be investi-
gated. On the other hand, in the case of dynamic extinction
of steadily overdriven burning rates associated with igni-

*tion transients, the lower dynamic limit is expected to be
fully valid.

Further computed simulated ignition transients are illu-
strated in Fig. 76 (exposure time Te = 140 and linear deradia-
tion with Br = 200) and Fig. 77 ( e = 112 and Br = 20). Both
examples show some dynamic burning effects associated with
the external radiation source cut-off. Moreover, under the
specific operating conditions of Fig. 77, the propellant is
seen to ignite before reaching the lower dynamic limit.Very
likely this is due to slow, volumetric heating of the propel-
lant slab associated with low external radiant flux intensity.
Slow, volumetric heating is also responsible for the large
and fast surface temperature damped oscillations appearing
in Figs. 76-77 but not in Fig. 75.

The radiative ignition map shown in Fig. 78 was obtained
by numerical computations with a trapezoidal, monochromatic
and perpendicularly impinging pulse of external radiation.
MTS flame was implemented; a pressure range from 10 to 30 atm
was explored for both optically opaque or transparent con-
densed phase. The results obtained show that the ignition
boundary tends to be a straight line in the lg/lg plot (time
of radiant heating vs radiant flux intensity). However, this
straight line is no longer valid for low pressure and/or large
radiant flux intensity. Dynamic extinction associated with cut-
off of the radiant source made ignition impossible at 10 atm
and large radiant flux; it was found necessary to decrease the
rate of the radiant source cut-off. Optical transparency makes
ignition more difficult (in that the minimum time of required
radiant heating increases), since the heating effect is vol-
umetrically diluted. All these effects are well known experi-
mentally. An orientative comprarison with experiemntal data
collected in Refs. 3 or 59 is shown in Fig. 79: the solid lines
fitting the experimental data are seen to correspond surpris-
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ingly well with the computed points. Notice that the compo-
sition with no carbon should be less opaque to radiation
than the composition with 1% carbon.

The general behavior of computed ignition transients
is shown in Fig. 80 where surface temperature, flame tempera-
ture, and heat feedback are plotted vs time for a given ra-
diation pulse. Remark that numerical modeling of ignition
can be attempted only with MTS or KTSS nonlinear flames. How-
ever, in the very low burning rate region it was found neces-
sary to tailor these flame models to obtain a well behaved
limit for Os + 0. The following steps were taken for 0,s Ok:

Of = s (0f,k/ 0k )

4 g,s = R [Q - -a-(of - 0s)

c

where Of,k is obtained from Eq. 2.2.7 letting Os = Ok • This
minor modification should work with any suitable flame model
and makes sure that

lim g (',R)/R = 0
s 0 g s

§ 2.8.7 - Further computer runs on dynamic combustion stability

Computer simulated burning transients triggered by a va-
riety of pressure and/or radiation pulses are being performed.
The purpose is to check the validity of the analytical predic-
tions in the case of forcing functions of arbitrary shape but
levelling off in time. The results so far obtained are extre-
mely encouraging. An example of radiative pulse was shown in
Fig. 66; another example, dealing with pressure pulse, in
discussed in Ch. 3 with reference to shock tube experiments.

4• 1
b'.
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Sec. 2.9 - STATE OF THE ART OF THE NONLINEAR APPROACH

The problem of the quasi-steady gas phase burning of a
solid propellant is being dealt with in a rather general form.
In order to retain the nonlinearity of the problem, an approx-

imate formulation in terms of an ODE was written. This was
done by means of an integral approach limited to situations
in which no inflection point in the history of the condensed

phase thermal profiles would occur. It is shown that important
facts (see below) of heterogeneous combustion may be ascertain-
ed. The two fundamental regimes of static (intrinsic random
perturbations) and dynamic (externally assigned changes of the
controlling parameters) stability of heterogeneous flames, al-
lowing for finite size disturbances, are examined.

The following facts emerge from the nonlinear static sta-
bility analysis. For a given set of parameters:

1. a stable stationary nonreacting equilibrium configuration
(trivial solution) is always found.

2. a stable, stationary (low IQsrefl and/or large pressure)
* or self-sustained oscillating (large !Qsrefl and/or low

pressure), reacting equilibrium configuration may be found.
3. a stable stationary reacting equilibrium configuration is

found before A-D roots coalescence occurs.
4. self -sustained oscillations are found between A-D roots

coalescence and B-D roots coalescence.
5. after B-D roots coalescence, no stable reacting equilibrium

solution is found.
6. the static burning (stability) boundary, for small but fi-

nite size random intrinsic disturbances, is the locus of
A-B roots coalescence at fixed pressure.

7. the pressure deflagration limit, for small but finite size
random intrinsic disturbances, is the locus of B-D roots
coalescence obtained by lowering the pressure for fixed
chemical composition (i.e., fixed Q sref) and fixed set of
operating conditions.

8. the static stability of the steady state equilibrium confi-
gurations can be measured by the slope of the static restor-
ing function vs surface temperature at the point Ts of inte-
rest.

A 9. The effect of the relevant parameters can be easily evaluat-
ed by considering the corresponding bifurcation diagrams.

The following facts emerge from the nonlinear dynamic sta-
bility analysis. For a given monotonic or pulsed law of time-
wise decrease of the controlling parameters:
1. extinction may occur even though the final point of the tran-

sition is statically stable.
2. the lower dynamic stability boundary,for finite size distur-

bances consequent to timewise changes of the controlling pa-
rameters, is the locus of the statically unstable roots
(B-type) associated with the final operating conditions. It
holds true instantaneously for monotonic forcing functions,
asymptotically for pulsed forcing functions.

- --.- € - , ... ..
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3. the lower dynamic stability boundary holds true both for
deradiation and/or depressurization runs, and is not af-fected by the details of the specific forcinW law imple-

mented.
4. upper dynamic instability is related to D root and may

cause vigorous acceleration of the combustion wave or dy-
namic extinction.

The following facts emerge by comparing several flame
models:

1. the KTSS linear, KZ, and LC flame models are physically
meaningless for burning rate less than about 90% of the
steady value.

2. the KTSS nonlinear flame model is physically questionable
for burning rate near zero.

3. the MTS flame model is in principle acceptable over the
whole range of burning rate.

The following facts emerge by changing the order n of the
polynomial approximating the disturbance thermal profile:

1. C and A roots are not affected.
2. B, D, and E roots are affected.
3. the static burning(stability) boundary can be predicted in-

dependently of n.
4. the pressure deflagration limit is predicted in function

of n.
5. the dynamic stability boundaries (both lower and upper) are

predicted in function of n.
6. the polynomial of order n=3 gives accurate results up to

30 atm of final pressure, n < 3 may be more suitable for
larger values of pressure. This point is not yet definitive.

The physical meaning of the stability boundaries is the
following. The static burning (stability) boundary defines
that ultimate burning rate or surface temperature, for a given
pressure, below which steady self-sustained burning is no lon-
ger allowed. The dynamic stability boundary defines that ulti-
mate burning rate or surface temperature, for a given set of
operating conditions, below which extinction necessarily fol-
lows. The fundamental importance of this distinction is stres-
sed by the fact that, under dynamic conditions, the propellant
may momentarily burn also in a region of statically forbiden
configurations. It is shown that the dynamic stability boun-
dary collapses to the range of influence of the statically
stable equilibrium configuration when the rate of change of
the externally controlled parameters is negligible. The pres-
sure deflagration lJ nit defines that ultimate pressure, for
a given chemical composition and set of operating conditions,

Notice that numerical values have been given only for a
particular composite propellant (AP/PBAA No. 941). This was
done simply because for this particular propellant properties
and good flame models were readily available. It is felt, how-
ever,that all analyses were conducted from a broad point of

Si
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view, and in no way were they dependent on the particular
type of propellant chosen as datum case. Therefore, the con-
ceptual results are expected to hold, although in different
ranges of the relevant parameters, for a wide variety of sol-
id propellants.

In particular, the nonlinear stability theory of hetero-
geneous thin flames developed in this report shows that:

1. pressure deflagration limit can be predicted even for
adiabatic combustion waves.

2. self-sustained oscillatory burning is found for both in-
creasing IQs,ref! (at a fixed pressure) and decreasing
pressure (with a fixed chemical composition).

3. damped oscillatory burning is found for both increasing
I Qs , re fi (at a fixed pressuro) anJ decreasing pressure(w:ith a fixed
chemical composition) before the self-sustained oscillatory
burning.

4. the effect of Cq/C c - 1 is appreciable in reducing the am-
plitude of self-sustained oscillatory burning.

5. the effect of radiative heat loss from the burning surface
is negligeable.

6. ignition transients in general cannot be fully predicted.
7. all findings have a clear interpretation in the standard

pressure vs burning rate plot.

Ii
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CHAPTER 3 - EXPERIMENTAL UNSTEADY BURNING RESULTS

Sec. 3.1 - SHOCK TUBE EXPERIMENTS

The pressure deflagration limits of the three prcpellant
formulations under consideration (an AP- based composite, a
catalyzed D13 and a noncatalyzed DB) were determined in the
actual operating conditions of the shock tube (Fig. 81a).
These experiments were conducted statically, i.e. a propel-
lant sample was placed in the test section of the shock tube
(end wall) and iqnition was attempted by means of an elec-
trically heated wire (Fig. 81b) . The ignition was considered
successful only if a self--sustained flaie would develop. The
test was repeated for several pressurizing gases (nitrogen,
air, oxygen) and for ambient pressure parametrically changed.
Results for the composite propellant are shown in Fig. 82
(not self-sustained flame means that a visible flame would
develop but disanipear inmmediately after an electrical heat-
ing of several seconds duration). The samples were cylindric-
al pellets of 8 mi diameter and about 10 mmp thickness. Tests
with noncatalyzed DB samples of 16 win diameter did not show
any appreciable difference.

Samples were then placed at the same location, ignited
by an electrically heated wire and, once steadily burning,
subjeced to shock waves of different strenght. The overall
experimental apparatus is sketched in Fig. 83. The light e-
mitted by the burning propellant was detected by means of a
photodiode directionally selective and sensitive in the visi-
ble and near infrared (spectral response peak at 0.8 )!-m). Sev-
eral tests with different propellants, ignition pressures,
pressurizing gases, and shock speeds failed to show conclusi-
ve trends as to the dynamic burning rate behavior (as reveal-
ed by tihe light emission). The basic difficulty is the fast
succession of shock waves and expansion fans impinging on the
surface of the burning propellant during the same test. For
example, see Figs. 50-51 of Ref.8a (in which the period of
the pressure pulse is about 10 ms). In this series of tests,
complete extinguishment of the propellant was never achieved.

In order to overcome the problem just mentioned, the shock
tube was slightly modified to work as a piston tube. At pres-
ent, a teflon piston weighting 150,) is used (Fig.84) .In this o-
perating configuration, a longer period (about 50 ms) of the
pressure pulses can be obtained and, in general, a better con-
trol of the whole e""perimiental apparatus is possible. A series
of experiments was performed with the piston tube in order to
study the effects of compression waves on a burning solid pro-
pellant. Tests were conducted with two different propellants:
an AP-based composite an(! a noncatalzed double base. Samples
of propellant were located on the end wall of the piston tube
and, while steadily burning, were subjected to the effects of
compression waves. The tests were carried on with different
initial conditions, changing the. initial pressure between
0,5 and 1 atmosphere and with three different test gases (ni-
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trogen, air, oxygen) in orCer to change the initial concen-
tration of oxygen.

Preliminary results obtained with a noncatalyzed DB
were shown in Figs. 52-55 of Ref.8a. In those runs it was
observed that extinction of the burninq sample could occur
under the action of compression waves. Further, systematic
experimental analysis was then performed with a noncatalyzed DB
and a composite propellant (AP/PVC); a detailed description of
experiments and results was reported in Ref. 16. It was confirm-
ed that burning stability of solid propellants can be very much
influenced by rapid pressure variations, especially in the pres-
ence of oxygen in the surrounding atmosphere. A pcrmarent ex-
tinction of the burning propellant was observed in several cases.

A further series of experiments at the piston tube rig
(Refs. 8b, 16) was performed with the aid of high speed cinema-
tography.A composite propellant(AP/PBlT)was tested. A sketch of the
experimental apparatus is shown in Fig. 85. Samples of pro-
pellant (16 mm diameter) were located on the end wall of the
piston tube and, while steadily burning, were subjected to
compression waves. The initial pressure in the test section
was 1 atm and the initial concentration of oxygen was changed,
using three different test cases (nitrogen, air, oxygen). The
maximum pressure reached in the test was of the order of 130
atm and the duration of the pressure pulse was of about 15 ins.
During each run, pressure and luminosity were measured respec-
tively with a piezoelectric pressure transducer (PCB-113 A)
and a photodiode (Hewlett-Packard 11P 5082-4205); moreover, in
order to better visualize the combustion phenomena, high speed
color movies were taken, using a Hitachi 16 HD camera at
speeds ranging from 3000 to 7000 pps.

A typical series of photograms, obtained testing in air,
is reported in Fig. 86; the corresponding pressure and lu.ii-
nosity traces are shown in Fig. 87. The photograms show a
rapid increase of burning during the pressurization, followeO
by flame detachment and extinction. The maximum luminosity is
reached while the pressure is still increasing. A similar be-
havior was observed in all the runs, also with different test
gases. Usually, after the extinction, the propellant starts
burning again under the effect of the following pressure
pulses; however, in some instances (about 5% of the tests)the
samples of extinguished propellant viere recovered after the
run.

Another typical feature of the combustion, observed in
the tests, is a very sharp decrease of flame luminosity oc-
curing during the pressurization; this is reported in Fig.88
showing two photograms taken at an interval of 0.25 ms. This
effect was observed in all the tests.

- - _- - --A - - ..... r_7 . .--r . ...
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Both the photodiode and the high speed camera cannot
show clearly what is going on near the surface of the burn-
ing propellant, because they see the luminosity emitted by
the burning gases in the whole volume of the test chamber.
In order to detect the combustion near the propellant sur-
face, a different technique, based upon the measurement of
gas ionization, was tried. A schematic layout of the exx_ri: <en-
tal setup, for the measurement of the ionization near the
propellant surface, is shown in Fig. 89 (the propellant was
placed on the side wall for assembling convenience). Two
small co)per wires of 0.2 mm diame"ter were placed through
the propellant sample, divided by a gap of 3 mm and protrud-
ing about 0.5 mm from the surface. Tho variation of resistance
through the gap, due to ionization, was measured as a voltage
and recorded during the tests. A typical oscilloscope trace
corresponding to steady burning, is shown in Fig. 90. Results
obtained in unsteady conditions with the piston tube are re-
ported in Fig. 91 and Fig. 92. Fig. 91 shows a sharp increase
of :onization corresponding to the first pressure step, fol-
lowed by a rapid fall to zero, with pressure still increas-
ing; this seems to confirm the occurence of an extinction of
the flame at the propellant surface; by comparison with the
luminosity trace shown in Fig. 87, it can be seen that the
falling to zero of the ionization, corresponds to the mini-
mum of luninosity detecLed by the piotodiode. Fig. 92 shows
a series of pressure pulses with successive extinctions and
reignitions.

Computer simulated runs were also performed, within the
limitations of a quasi-steady flame kinetically non modified
by the pressure pulses. An example is shown in Fig. 93.

A I
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Sec. 3. 2 - DEPRESS URI ZATION EXPERIMENTS

Depressurization runs were realized in a pressurizable
combustion chamber, about 350 cm 3 volume, connected to the am-
bient atmosphere by means of exhaust valves. A first series of
data was performed with a relatively large (12.7 mm orifice
diameter) valve manually operated. A second series of data was
performed combining several solenoid valves (orifice diameter
ranging from 1.2 to 4.0 rmu) simultaneously operated. The third
and last series of data was performed with the same combina-
tion of solenoid valves, but in addition a closed loop circuit
was implemented to keep the combustion pressure constant prior
to the abrupt opening of the solenoid valves. All runs were re-
alized at ambient temperature by exniausting to atmospheri-, pres-
sure. Next serie of depressurization data will be collected
with the final pressure parametrically changed.

The combustion chamber contains the ignition system (a
nichrome wire of 0.8 mn diamater), a strand fuse wire system
to measure the steady state burning rate of the propellant
prior to depressurization, two plexiglass windows for direct
observation of the relevant phenomena. The propellant samples
are cylinders, about 6 x 50 rmm, cut from a relatively large
grain. The lateral surface is inhibited to combustion by suc-
cessive coatings of teflon spray, dope, and teflon spray. Ex-
tinguished samples showed a very flat burning surface. All runs
were performed with an AP/PVC composition burning in a nitrogen
atmosphere. Details about tho experimental apparatus and proce-
dure are given in Ref.5 (burning rate measurement and data pro-
cessing), Ref. 14 (closed loop circuit for constant combu-
stion pressure) and Ref.15 (depressurization combustion cham-
ber).

After pressurizing the combustion chamber (up to about
40 atm in the results to be presented here) and igniting the
propellant sample, enough time is allowed to create a steady
heterogeneous defla .:ration wave. The steady state burning ra-
te is, then, measured by means of (typically) three fuse wires.
When the last fuse wire is burnt, the combustion chamber is sud-
denly exhausted to atmospheric pressure. The pressure drop is
of exponential nature for solenoid valves, more rounded for ma-
nual valves (see Figj. 94). The overall, qualitative but import-
ant, result of extinction or continued burning is observed.

. Usually, the following parameters are measured and/or re-
corded by means of a multichannel (UV sensitive paper) galvano-
metric recorder: the ignition current and time; the flame appea-
rance by means of photodiode; the combustion pressure by a wa-
ter cooled, piezoelectric transducer; the initial steady state

Lb 4burning rate by means of a standard fuse wire technique and u-
sing the recorder time marker.

Experimental results obtained fron depressurization tests
of AP/PVC samples, from some initial pressure to atmopheric
pressure, are summarized in Fig. 95. This is a [dP(t)/dtmax vs
P. plot, as already done by several investigators in the past.
Hiwever, according to our nonlinear burning stability theory,
no special meaning whatsoever is attached to the maximum depres-
surization rate. The fate of a depressurization test, extinction
vs continued burning, rather is the integrated result of the

+41
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whole history of the burning propellant (initial conditions, de-
pressurization law, etc.). The critical boundary, as defined in
Sec. 2.7, is a local property of the burning propellant; but
whether it will be reached or not depends on the previous hi-
story of the burning propellant. Obviously, high rP~t)/dCm-Ix
for exponential depressurization implies that the whole traulsi-
ent is faster and this favors dynamic extinction. Experimental-
ly, different dceressurization transients were obtained by claing-
ing the total exhaust orifice area (e.g., by simultaneous ooera-
tion of more or less solenoid valves) On a linear dP(t)/d'riia
vs Pi plot, a straight boundary is found to separate quite ieat-
ly the extinxtion from the continued burning region.

A summary of experimental results obtained in this paper,
by Merkle (Rcf. 29), and Von Elbe (Ref. 24) in shown in Fig.96.
Remark thaL. the maximum depressurization rate occurs at mid de-
pressurization for manual valves but at the very beginning of
the depressurization history for solenoid valves. Dcpressuriza-
tion rates wL're measured by considering the time required for
pressure to drop from (Pi - 1) atm (Pf + 1) atm for manual val-
ves. For a fair comparison one should consider depressurization
rates about 3 times lower. Even so, the two plots found in this
work do not correspond. b.Iith the same maximum depressurization
rate, the depressurization history of Fig. 94b is more effective
than the exponential depressurizatiun of Fig. 94a in extinguish-
ing the saxiile. Tihis spectrum of results is not surprising from
the point of view of our theory, rathe: is welcome. Indeed this
offers another, and perhaps more reliable, way to compare close-
ly experimental and theoretical results. For lack of time, no
detailed results of this comparison will be given here.

However, remember that the agreement between analytical
and numerical reslts was already successful. The numerical
approach is able to reproduce depressurization transients for
several - .';pcls more detailed than any experimental informa-
tion. The gpa1itative aspects of the numerical solutions agree
with experimental information. Figures such as Fig. 95 can be
constructed numeric:lly as well; this is in our opinion the
first and perhhaps m-rc meaningful task of any close comparison
in this coea. Rema.-o that extinction was assumed to occur in
the numerical solut-ions when unbounded decrease of burning rate
toward zero was observed; this in turn occurs when the analyti-
cally predicted loueor dynamic stability boundary is crossed.
Comparing experimental and computed boundaries (between extinc-
tion lna continued burning) in Fig. 95 shows that resistance to
dynamic extinction is larger than predicted. Better flame mod-
els and/or more realistic description of the properties shall
be implemented in order to attempt to bridge the gap.

Obviously, the most wanted piece of information is the burn-
ing rate hi!,tory during depressurization transients. Unfortuna-
tely, no reliable experimental technique is available yet. An
up-to-date review of experimental methods measuring transient
combustion rusponse was recently offered (Ref. 93); in particu-
lar, a microwave phase shift technique seems to be promising
(Ref. 94).

gq
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TABLE 1

Properties of solid composite propellant AP/PBAA

No. 941 used as datum case in this study.

Surface heat release positive if endothermic.
Optical properties evaluated at 10.6 n.
Values taken from Refs.29, 82, 86-87.

ASSUMED OR MASUITD PROP1PFRIES

AP crystal transition heat, Qcr,AP 2.000 E+01 cal/g
AP vaporization heat, Qv c AP 5.260 E+02 c,]i/g
AP decoaposition heat, QA'/PA -8.000 E+02 cal/g
Binder vaporization heat, Qv,Binder 2.250 E-I-02 cal/g
AP weight fraction, p 8.000 E+01 %

Ballistic burn rate exponent, n 4.600 E-01

Pyrolysis law pressure pcler, ns  0
KTSS pyrolysis law power, w 6.000
Surface activation temperature, Es/IP 8.081 E+03 K

Flame activation temperature, Ef/. 1.010 E-104 K

KZ flame reaction order, Ci 1.7
Condensed density, PC 1.540 g/cm3

Condensed specific heat, Cc 3.300 E-01 cal./g K
Condensed thermal diffusivity,ac  1.400 E-03 cm2/s
Gas thermal conductivity, k 1.000 E-04 cal/cm K s
Average product molecular weight, 2.600 E+01 g/mole
Optical surface reflectivity, rX 3.800 %
Optical volumetric scattering, sX 0 an -I

Minimum temperaLure for reactions, Tm 3.000 E+02 K
Matching temperature for pyrolysis, Tk  4.050 E+02 K

0OMPUTED PROPERPIES

Net surface heat release, Qs,ref -1.582 E+02 cal/g

Condensed thermal conductivity, kc  7.115 E-04 cal/an K s

MS chemical time constant, AM 3.380 E-01
MTS diffusion time constant, BM 2.350

Adiabatic flame teaperature, Tf(P) Tf,ref - (50/68).(Pref-

REFERENCE PROPERWIES

Pressure, Pref 6.800 E+01 atb-a
Temperature, Tref 3.000 E+02 K
Burning Rate, '2 ref =  (Pref) 8.370 E-01 an/s
Surface temperature, Ts,ref= Ts(Pref) 1.000 E+03 K
Flame temperature, Tf,ref = Tf(Pref) 2.430 E+03 K
Distance, Xref = ac/,'Pref 1.673 E-03 an
Time, tref = ac/ '"ref 1.998 E-03 s
Heat, Qref = Cc(Ts,ref - Tref) 2.310 E+02 cal/g
Energy flux, Iref = POcCcref(Ts,ref - Tref) 2.978 E+02 cal/cm 2 s

-----------------------------------------------------------------

-----------------------------------------------------------------

I, *1 1 i I i I ' i . . i;I ' - " " -, ,:!. '- o '" . ., .: : " . .
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TABLE 8a

Stabilizing effect of large radiant flux and destabilizing effect
of large surface heat release or ambient temperature on stability
strength of steady reacting solutions. Nonlinear static restoring
function evaluated frcan PfS flame with xry3 at standard conditions

(P-=30 atm, Ta=3 0 0 K), CC/ c , E=0.

1 c0 1/acn 2 s Qs,refcal/c; TaK (df/dsG )

0 --158.2 300 -3.53
10 -158.2 300 -3.89
20 -158.2 300 -4.03
30 -158.2 300 -4.27
40 -158.2 300 -4.50
60 -158.2 300 -5.18
80 -158.2 300 -6.01

100 -158.2 300 -7.05
120 -1 58 2 300 -8.29
-10 -158.2 300 -3.33
-20 -158.2 300 -3.14
-30 -158.2 300 -2.78
-40 -158.2 300 -2.33

-50 -158.2 300 -1.85
-60 -158.2 300 -1.50
-70 -158.2 300 -1.35
-80 -158.2 300 -0.52

0 -110 300 -0.71
0 -120 300 -2.10
0 -130 300 -3.02
0 -135 300 -3.30
0 -140 300 -3.55
0 -145 300 -3.73
0 -150 300 -3.74
0 -155 300 -3.62
0 -160 300 -3.51
0 -165 300 -3.24
0 -170 300 -2.86
0 -180 300 -1.75
0 -190 300 -0.05
0 -200 300 +2.41
0 -210 300 +5.85
0 -220 300 +10.60
0 -230 300 +17.17
0 -240 300 26.23
0 -158.2 250 -3.84
0 -158.2 200 -3.57
0 -158.2 350 -3.38

0 -158.2 400 -2.73
0 -158.2 500 -1.05

ts
, - . . . .



Q) II C;IID -
44 I

0 1  II
4-) BI 4-

II LOi

co 4-) I
41 ~0 ~ I

U) 4 z
U-0 0 0 ' L W NI

4- I I I II

4iJ, U II ) - -T r
Q Q-4 II
4 (0 -4 UII

04 CD 7- 4 n, k.* co
coI

4,-4 .4 (3i

IH
40JI8

me 1  m N :1 14 % .
II~ I14 ( 2 D C 4 Ln M~ M 0 C N C)

HI 4-) 0 E-1 ~ ' N C r
6rO - I; WO * o i

1 ~~~~rd ~ 4 +I~ ~ 0 0 0 ( ( L W oI
(n 4J .r,3 I I I I

> CO

~ ~-~~cO ~ I
4-)L t' HI

O)0f) -4 IIM-: ) D %
04I



TABLE 8c

Ccrtipared effect of the approximating polynonial order on stability
strength of steady reacting solution according to Lyapunov. Nonli-
near static restoring function evaluated for nTS flame at standard

conditions (Qs,rei 1 5 8 .2 cal/g, a=300 K,adidbatic burning) , C/C c  1, c = 0.

(df/des ) s

P,atm  n 2 n = 3 n 4

10 +0.18 -0.54 -1.01

20 -1.06 -2.10 -2.76

30 -2.29(0) -3.53 -4.27

40 -3.61 -4.92 -5.69
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TABLE 8d

Canpared effect of specific heat ratio on stability strength of steady
reacting solution according to Lyapun¢v.Nonlinear stat.ic restorirng func-
tion evaluated for MTS and KTSS nonlinear flares at stzandard conditiorz

(Qs,ref =-158.2 cal/g, Ta =3 00 K, adiabatic burning)and E=0.75.

Pressure F Os(df/ds ),s
• "P, atn Flamre Model

C9Cc I' CCc = 1.12 C Ce  1.241

MTS -0.54 -0.66 -0.81
10

KTSS NL -0.75 -0.62 -0.49

MS -2.10 -2.48 -2.88
~20

KTSS NL -2.29 -2.26 -2.22

MrS -3.53 -4.14 -4.72
30O

KTSS NL -3.86 -3.91 -3.95

MS -4.92 -5.49 -6.26
40

KTSS NL -5.40 -5.51 -5.61

MTS -6.02 -6.71 -7.62
50

KRTSS NL -6.91 -7.05 -7.17

MIS -7.27 -7.99 -8.44
60

KTSS NL -8.37 -8.54 -8.65

( )KTSS NL stays for KTSS nonlinear f lame model.
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TABLE 10

Ccmputer sinulated go/no-go tests showing agreement with the predicted lcer
dynamic stability boundary.AIl runs perfonned with Ta--300Kwifd Qs,ref = -158.2

cal/g. KTSS linear, KZ, and WC flame mdels do not include extinction.

------------------------------------------------- -----------------------------------
final optical I I

pressurE forcing law absorption' rate flarie tP3w'eratr
P,atm a cm-1 coeff. model Cc surface Lmperatao'

X munt e r i c ly nrcedicwcd

observd (n= 3 )

10 linear deradiation 100 MIS 1.00 0.627 0.618

10 bilinear deradiation 100/20 MIS 1.00 0.626 0.613

10 parabolic deradiation 640 MrS 1.00 0.625 0.618

10 exponential deradiation 5 MS 1.00 0.627 0.618

10 exponential deradiation 10 MT'S 1.00 0.619 0.618

10 exponential deradiatien 2000 10 MrS 1.00 0.610 0.618

10 exponential deradiation 1000 10 MPS 1.00 0.618 0.618

10 exponential deradiation 500 10 MI'S 1.00 0.620 0.618

10 eponential depressuriz. NApO 10 M s .00 0.615 0.618

i 10 exponential depressuriz. NAp variable WS 1.00 0.621 0.618

10 simultaneous exponential
depress. and deradiation: 10/10 MIS 1.00 0.622 0.618

10 sequential exponential
• depress. and deradiation 10/10 MrS 1.00 0.624 0.618

20 linear deradiation O 200 MrS 1.00 0.655 0.647

20 exponential deradiation 10 MrS 1.00 0.649 0.647

iKI'SS 10 .3 .120 exponential deradiation O 10 o I.00 0632 0.610nonl. °"",
- 20 linear deradiation 2000 500 DI'S 1.00 0.660 0.647

20 linear deradiation 1000 500 MrS 1.00 0.690 0.647

30 exponential deradiation 1 10 MTS 1.00 0.685 0.663 1

40 exponential deraciation 10 MI'S 1.00 0.706 0.674

10 parclolic deradiation O 200 MrS 1.12 0.601 0.611

20 parabolic deradiation 0 200 MPS 1.12 0.680 0.638

40 linear deradiation C 1000 MTS 1.12 0.679 0.665

10 trapezoidal radiation 200 MrS 1.00 0.619 0.618

10 trapezoidal radiation G variable MIS 1.00 0.612 0.618

20 trapezoidal radiation O 200 MS _1.00 0.638 0.647

Q') NAp stands for not applicable
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Fig. 62 - Computed dynamic extinction following exponential
depressurization with a parametrically changed de-
pressurization rate. MTS fJame, C /Cc = 1.

Fig. 63 - Computed dynamic ext.nction following ennential
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Fig. 70 - Computed pressurization tests showing self--sustained
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lating for Qs,ref =-209 cal/g, extinguished for
Qs ref =-210 cal/g). MTS flame, C /C = 1.12.

Fig. 74 - Computed pressurization test showing three possi-
ble static regimes (stationary after damped oscil-
lations for Pf = 8 atm, self-sustained oscillating
for Pf = 3 atm, extinguished for Pf = 1.9 atm). MTS
flame, C/C c  1.12.

Fig. 75 - Computed radiative ignition tests showing dynamic ex--
tinction following radiation source cut-off. MTS
flame, Cg/Cc 1.
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Fig. 76 - Computed radiative ignition tests showing sharp
burning peak associated with prolonged heating at

low radiant flux intensity. MTS flame, Cg/cc 1.

Fig. 77 - Computed radiative ignition tests showing success-
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ty limit. MTS flame, Cg/C = 1.
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Fig. 83a- Schematic layout of overall experimental apparatus.
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Fig. 84 - Piston used in the shock tube apparatus.

. Fig. 85 - Sketch of the experimental apparatus with high speed
camera.

Fig. 86 - Typical series of photograms of AP propellant burning
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• Fig. 87 - Pressure and luminosity traces of the test of Fig.86.

Fig. 88 - Sharp decrease of luminosity during depressurization
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Fig. 95 - Computed and experimental boundaries, between 
ex-

tinction and continued burning, vs initial pressure.

Fig.. 96 - Compared experimental boundaries, between extinction
and continued burning, vs initial pressure obtained

from several investigators.
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START

READ INPUT DATA AND INITIAL CONDITIONS

ASSIGN CODE PARAMETER VALUE
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EXTERNAL CONDITIONS
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CONTINUED ON NEXT PAGE
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CONTINUED FROM PREVIOUS PAGE

SUBROUTINE DELAW

ASSIGN EXTERNAL LAWS

T = T( ) ; F c = F 0

SUBROUTINE SSTATE

EVALUATION OF STEADY STATE SOLUTION

SUBROUTINE RTMI

ASSUME 0s

SUBROUTINE FLAME
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INPUT DATA
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NOMENCLATURE FOR FIG. 83

A : Diaphragm

B : Coils

C : Pressure transducers

D : Driver section

E Pick-up

F : Test chamber

G : Charge amplifiers

H : Amplifier

I : Smith trigger

L : Timer

M : Multiplexer

N : Resistors

0 : Photodiodes

P : Igniter

Q : Oscilloscopes

R : Trigger

.4

FIG. 83b
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CHAPTER 4 - LASER-OPTICAL TECHNIQUES

Sec. 4.1 - INTRODUCTION

Several nonperturbing laser-based optical techniques
were developed to measure the condensed phase burning rate,
the velocity profiles in the gaseous region near the combu-
stion surface,and the size of the particles carried away by
the gas in the plume of the burning solid propellant.

The Laser Doppler Velocimetry (LDV) was chosen to mea-
sure the velocity profiles in the gaseous region near the
burning surface of a solid propellant. The main reason of
this choice is the fact that the usual intrusive measuring
techniques are of little help in a high temperature reactive
medium with large thermal gradients.

-Flow v4!sualization techniques, like Schlieren optical
systems, shadograph and Mach-Zender interferometer methods,
give an integrated picture through the flow region. This
makes quantitative analysis of results extremely difficult.
Hot-wire anemometers and Pitot tubes cannot be applied to
reactive media.

It is now well established that LDV technique has import-
ant advantages over more conventional techniques both for theo-
retical and experimental reasons. These fundamental advantages
are indicated by the enormous research effort which has gone
into their development over the last decade and by the num-
ber of commercial systems which have become available. The
most important theoretical results required for relating the
system outputs to the fluid flow parameters have now been for-
mulated (Refs. 1,2 and 3).

Despite the complexity of a satisfactory theoretical mod-
el of the LDV, the output from this instrument is linearly re-

. lated to the velocity by a simple formula and no problem is
concerned with calibration. The major advantage of the LDV is
the high spatial and temporal resolution associated with che
fact that the instrument measures the component of velocity in
a specified direction. Hence this technique can be used in ve-
ry high turbulence flows and in unsteady situations.

To determine the solid propellant burning rate mary la-
ser-based optical techniques were tested in steady state con-
figurations up to 10 atm. Results showed the possibility of
accurate measurements of the instantaneous solid propellant
burning rate vs time, but some residual problems are to be
solved. They are related to the strong background light emis-
sion of some propellants and the requirement that the burning
surface remains flat and horizontal during the measurement.

Sec. 4.2 - LASER DOPPLER VELOCIMETRY

The basic principle involved in Laser Doppler Velocime-
try is the Doppler frequency shift of a monochromatic and co-
herent light beam scattered by micrometric particles suspend-
ed in a moving medium.

A
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The Doppler frequency shift is normally resolved by he-
terodyning the scattered light with a reference beam on the
surface of a photodetector (reference beam LDV). Alternati-
vely, scattered waves coming from two incident beams can be
heterodyned (differential LDV). The resulting light intensi-
ty and, hence, the photocurrent will be modulated at the Dop-
pler frequency (Refs. 1-3):

(4.2.1) f = 2U sin ( /2)/

where U is the particle velocity component perpendicular to
the bisector of the illuminating cross-beams; K=2n/X is the
wave vector; X is the wavelength of the laser beam and 1 is
the angle between the two cross-beams (see Fig. 4.1). The
crossing region of the two illuminating beams defines the
geometrical probe volume of the LDV system that depends on
the cross angle and the focal length of the focusing lens.
The effective measuring volume has a more complicate defini-
tion, depending on the magnification of the collection op-
tics, its angular position, y, and aperture,Q. Amplification
and triggering level of the electronics have to be also
considered.

In all the optical configurations,two laser beams are
focused onto a specified point in the flow and light is scat-
tered by small tracer particles, as they pass across this
point.

The differential LDV mode is most commonly used because
of its higher signal to noise characteristics at moderate par-
ticle concentrations. Moreover, this type of LDV system is the
best suited for individual realization velocimetry and paral-
lel particle size analysis. It is not difficult to realize
the situation in which the Doppler signal, that is available
for processing, is produced by no more than one particle in
the probe volume at a time. In fact, it is possible to adjust
the be volume dimensions, both in diameter and in lergth,
by selecting the proper cross-beam angle and the magnifica-
tion of the light collecting system. The main advantage of
the differential LDV is that it is quite simple to align and
is not sensitive to small vibration. Also, the Doppler fre-
quency is independent of the detection angle and a large col-
lection aperture can be used without a spread of Doppler fre-
quency.

A picture, which is often used to describe this system,
is the so called "fringe model" that involves visualising a
set of interference fringes produced by two incident laser
beams in their cross region. The Doppler signal is produced
by light scattered from particles crossing the intersection
of the illuminating beams (probe volume), when the scatter-
ed light, collected through a receiving lens, reaches a photo-
multiplier (see Fig. 4.1).

r IT ... .. -- ... ... .
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Since the LDV requires the presence in the air flow of
microscopic particles, this complicates the use of the tech-
nique considerably. In fact, these particles, naturally pre-
sent or seeded in the flow, should be in size and density such
as to follow the flow field. Thus,for accurate measurements of
turbulence of unsteady flows, some check of particle dynamics
must be made. The capability of particles to follow the gas
flow can be roughly estimated from the Bassett's general e-
quation (Refs. 4 and 5). On the assumption that the particle
densityP_ is larger than the gas density pgp the Bassett's
equation reduces to

(4.2.2) dp (U - U)
dt g P

where

(4.2.3) 
(2 +)d

36

being Up and Ug the particle and gas velocities; d the parti-
cle diameter and 4 the gas viscosity.
The parameter i has the meaning of a relaxation time for a
particle of diameter d subjected to a spatial velocity gra-
dient. The evaluation of T necessitates the knowledge of the
particle density and size distribution.

In unsteady flows the LDV instrument must be treated as
a transducer for which the transfer function is determined
by the dynamics of tracer particles. This is a disadvantage
of considerable importance in air flows where seeding with
particles of known size is not likely to be feasible.

The performance of an LDV system strongly depends not
only on the size distribution, but also on the concentration
of scattering particles. In fact, their number density has to
be high enough to obtain good time resolution of the velocity
measurement. It must be noted that the time resolution of LDV
depends on the particle rate, A, across the measuring volume,
hence on the particle concentration, N, the mean particle ve-
locity U and the effective probe volume cross section, S:

(4.2.4) n = x N U S

where a is an efficiency factor taking into account amplifi-
cation and triggering level of the electronics. To obtain a
quasi-continuos velocity information, a sufficiently large
number of scattering particles ( .1 e m2) is required.

In fact, since the particles arrive randomly, the data
obtained are randomly collected, with an approximately Poisson
distribution of time instants. Time resolution could be limit-
ed by the dbove mentioned characteristics, but it can be good

*enough if particle number density is high.

~I
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In conclusion size distribution and concentration of
scattering particles are two important factors in LDV, ex-
pecially in unsteady flows. For better time resolution and
velocity measurement accuracy, we need that particle rate
is high and size distribution is within limited bounds.

Our LDV experiments were performed by using as scat-
tering centers the particles present in the plume of the
burning solid propellant sample. No external seeding was
used in order to avoid any disturbance of the combustion
processes. Preliminary experiments showed that, generally,
sufficiently high particle rates are found in the region
near the burning surface.

The LDV system comprises a 5 mW He-Ne laser and a beam
splitter with variable beam separation, which allows contin-
uous variation of the cross-beam angle. The two different pa-
rallel laser beams were directed toward the lens L1 , in such
a way that one laser beam was centered on the lens axis.
This beam is not diverted from its horizontal direction,
but focused on the focal point (on the axis of the strand
burner). The second beam is impinging on the lens Ll at a
distance h from the axis, and is deflected and focused in
the same focal point. The crossing region defines the probe
volume of the LDV system and the velocity component in the
vertical direction-can be measured. With the geometry of
Fig.4.2 the measured velocity component is not exactly the

*axial one; however the difference, of the order of sin
(3/2), is not significant for small 1.

The receiving optics of the LDV system comprises: the
lens L2 , fixed on the burner window, that collects the ra-
diation scattered in the forward direction; the lens L3
thac is movable and focuses the scattered light on a 0.3
mm pinhole in front of a photomultiplier. This is equip-
ped with an interferential optical filter, centered at
632.8 ± 1.0 nm (the laser wave-length),in order to reject
flame emission.

The photopultiplier signal is processed by an electrc-
nic counter processor (DISA mod. 55L90) that allows working
with variable particle concentration and does not have drop-
out problems. Moreover, it has a large dynamic range and no
slewrate limitations; it accepts individual signals and de-
termine the correct Doppler frequency, hence, the particle
velocity. Proper use of this instrument would require rejec-
tion of multiple particle signals, because od random phase
fluctuations which will lead to incorrect velocity measure-
ments (Ref. 6). This requirement can be generally satisfied
by proper reduction of the probe volume dimensions.

Sec. 4.3 - PARTICLE SIZING

The feasibility of "in situ" particle sizing in hostile
environments by non-intrusive-techniques is still questiona-
ble. Recently, Farmer et al. (Ref. 7) compared a new particle
sizing interferometer and a commercial optical counter in roc-

MAM
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ket exhaust,but results suggest that no one particle size
instrument can give convincing measurement.

Attempts to solve the problem of the determination of
particle size distribution have been performed by using many
techniques, but their use in hostile envirornents is general-
ly difficult. Measurement of the light scattered by droplets
or solid particles, using a laser source, can be used for
"in situ" particle sizing. The angular dissymmetry of the
scattered light intensity, the dependence of the scattered
intensity on incident light polarization and the light ex-
tinction were used in determining small carbon particulate
size distribution (Refs. 8 and 9).

A system able to simultaneously determine the size and
the velocity of individual fuel droplets is of considerable
interest in combustion and thus particular attention was de-
voted by many research workers to the analysis of the scat-
tering phenomena involved in the LDV system. It was demon-
strated that a particle crossing the intersection of two
laser beams scatters a modulated light signal containing
many informations: a) its modulation frequency is proportio-
nal to the particle velocity; b) its signal amplitude and
the A.C. amplitude divided by the mean amplitude are relat-
ed to particle diameter.

A forward scattering LDV system and predictions of mean
scattered light power, made by using geometric optics theory,
were used to demonstrate that an unambiguous one-to-one rela-
tionship can be obtained between signal amplitude and particle
diameter for non absorbing particles in the diameter range 30
to 240 in (Ref. 10). The main disadvantage of this method is
the need of a calibration of the signal amplitude vs particle
diameter. This is not a problem if the ratio between A.C. and
mean aplitudes is considered. This ratio is called visibility

IMax -mI
(4.3.1) V M a m D

Max min
.4 where IMaxIminD,and P are defined in Fig. 4.1

The first derivation of the visibility function was made
by Farmer (11) under the assumption of paraxial scattering.
Robinson and Chu (12) used scalar diffraction theory to deter-
mine the forward scattered fields. More recently, Bacholo (13)
extended the visibility model to allow off-axis light collec-
tion and to cover a wide size range of 5 Wn to 5 mm, by using
geometric optics theory.

A more rigorous analysis requires the use of the Mie theo-
ry for scattering by spherical particles illuminated by two co-
herent beams (Refs. 14,15,16 and 17). In this case any off-axis
light collection direction and aperture can be considered, but
Mie formula calculations must be performed by large computers
which are capable of evaluating the lenghthy series of Bes-
sel functions and Legendre polynomials involved.

It is normally accepted (Refs. 14,15,16,17 and 18) that
the single particle Doppler signal can be accurately predicted
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on the basis of the Mie scattering theory. The general expres-
sion of the Doppler photocurrent, produced by a single parti-
cle crossing the geometric center of the probe volume, is gi-
ven by

(4.3.2) i(t) = 0 P(.,) + D(,p) cos [WDt-(

where n is detector sensitivity, UD= 2 nfD, and the two inci-
dent beams are assumed to have equal intensities I01= 102 =IO .
The term P represents the "pedestal" amplitude of the current
(Fig. 4.1) while D represents the Doppler amplitude and T de-
termines the phase of the scattered intensity. P, D,and Ware
integral quantities, integrated over the collecting solid an-
gle, Q,of the receiving optics. They depend on the direction
of detection (,p) i.e. the axis of the collecting aperture,
and are defined in terms of the complex amplitude functions
given by the Nie theory (Refs. 19,20 and 21).

The quantities P, D and T depend only on the scattering
properties and size of the particle (for a fixed LDV geome-
try), whereas the photocurrent is a time-varying function of
the particle position in the probe volume. Indeed, a moving
fringe pattern is seen by the detector due to two beam inter-
ference and particle motion.

The fringe contrast or visibility is defined by Eq.
4.3.1 ; the exact dependence of V on particle diameter, d,
can be numerically obtained through P and D evaluated by a
computer code (Ref. 17) based on Mie scattering formula. It is
possible to express the visibility in a functional form

(4.3.3) V = V(l, m, - -, ,

where d is the diameter of the scattering particle, m is the
complex refractive index of the particle,1 is the cross-angle
of the two laser beams, X is the laser wavelenght, y and g
are angles defining the position of the axis of the collecting
aperture, 0 is the collecting solid angle and 6 =X/(2 sin(1/2)).

It can be noted that visibilitydepends, among the other
parameters, on the diameter of scattering particles. The prac-
tical application of the method for particle sizing is based
on the hypothesis that in the range of interest visibility is
sensitive to particle diameter and an unambiguous one-to-one
relation V(d) can be defined. Because of the large number of
possible arrangements of the parameters appearing in Eq. 4.3.3;
it is quite impossible to give a completi representation of the
visibility behavior. A wide theoretical analysis of the useful
range of utilization of the visibility method was performed
(Ref. 22) and it was found that in forward scatter, with small
cross-beam and collecting angles, the refractive index of the
particle has no significant influence and a one-to-one corre-

.1
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spondence between visibility and particle diameter can be
obtained up to about 80 lim.

Some experimental results reported in the literature
showed the possibility of parallel measurements of indivi-
dual particle velocity and size (Refs. 14,17,18,23,24 and
25). Applicationsinclude particle size measurements from
calibrated monodisperse aerosols, polydisperse fuel sprays
in combustion and dusts in the atmosphere.

Since the first work of Farmer (Ref.11) the particle
sizing technique based on visibility received more and more
attention by different workers and many comparative tests
were performed in order to establish the correct interpre-
tation model of experimental data. Nevertheless, the abso-
lute reliability of this technique is not yet well establi-
shed. The major problem is related to experimental complex-
ity of real time visibility measurements, but some theoreti-
cal uncertainty still remain. The problem is complicated by
the absence of alternative reliable techniques for real time
in situ particle sizing.

At the CNPM we have been involved in preliminary stu-
dies on this subject and it was demonstrated (Ref. 23 and 24)
that the visibility technique can be also used in flames of
liquid sprays with an high background luminosity. But no
comparative confirmation can be obtained by other experimen-
tal procedures.

A knowledge of particle size distribution will be of
fundamental importance for accurately measuring gas phase
flow field associated with a burning solid rocket propellant
in unsteady conditions, because of the large velocity gradi-
ents. In fact, if the natural particles (carried away by the
gas in the plume of the burning solid propellant) are used as
scatterersit would be necessary to correlate velocity and
size of each particle, before validation of the velocity mea-
surement, in order to be sure that the observed particle is
adequately following the gas flow.

Sec. 4.4 - EXPERIMENTAL APPARATUS

A steady state strand burner, with two symmetrical and
opposite optical windows, was specifically designed for LDV
experiments. The operating pressure range is 1 to 10 atm.
A computerized data acquisition and processing system was al-
so realized. The apparatus has been applied to a steadily
burning solid propellant, with the purpose of exploring the
possibility of future applications to unsteady situations.
Several tests of preliminary nature were performed using
double-baZed(DB) (both catalyzed and noncatalyzed) and ammo-
nium perchlorate (AP) based composite solid propellants. The
differential mode of operation was used for the LDV instru-
ment, with observation in the forward direction (Fig.4.2).

Z7
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The experimental conditions are now schematically de-
scribed. Initially, the rod of solid propellant, centered
on the axis of the burner, shuts out the two incident laser
beams. When the rod burns, its surface goes down and at the
instant to the horizontal beam is allowed to pass. After a
delay At, the second beam is also passing and the scattered
light with Doppler informations is received by the photomul-
tiplier. A triggering signal, coming out from the photodiode
(P.D.) intercepting the horizontal beam, precisely difines
the instant to. From this the instantaneous axial position
of the LDV probe volume, with respect to the bu~rning surface,
can be inferred by comparison of the time delay and the pro-
pellant burning rate. The strand burner is also equipped for
simultaneous measurements of the propellant burning rate and
the instantaneous pressure (Ref. 26).

-The delay At can be related to a dead zone, above the
burning surface, in which LDV measurements cannot be made,
as shown in Fig. 4.3.The dead zone thickness h depends on the
cross-beams angle 0 and on the radius r of the solid propel-
lant rod:

(4.4.1) h r - tg

For example, with r=3 mm and 0=4.70 it will result: h 0.25 mm,
that is of the order of the probe volume transverse dimension
(see Table 4.1). By increasing the Q angle the probe volume
dimensions are reduced, but the dead zone thckness will be
larger.

The burning rate of the solid propellant was initially
measured by standard techniques (Ref. 26). Later on, a new
technique was developed on the non perturbing laser system
shown in Fig.4.4. The beam of a 5 mW, He-Ne laser was enlarg-
ed by a beam expander, passed through a variable diaphragm
and directed on the sample of the solid propellants. The beam
radius was chosen less than the solid propellant radius, there-
fore the whole beam is initially stopped. When the burning sur-
face goes down, an increasing portion of the laser beam is
transmitted and then collected on a photodiode by means of a
focusing lens. A Centronic Quadrant Detector was used, since
this kind of photodiode allows a linear relationship between
the voltage output and the displacement of the burning surface.
A calibration curve referring to an illuminating beam diameter
of 3.5 mm is shown in Fig. 4.5. The ordinate is the photodiode

voltage output and the abscissa is the solid sample displace-
ment referred to an arbitrary position. The curve was obtained
by means of a non burning sample of propellant displaced by a
micrometer screw in steps of 0.2 mm. Obviously, accurate mea-
surements of the solid propellant burning rate require that
the burning surface remains flat and horizontal. The advantage
of this technique is its non perturbing character and contin-
uous output over the fixed spatial range. For example, it
points out any change of the burning rate during the LDV measu-
rements.

i4t~&
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With propellants characterized by a strong light emis-
sion an interferential optical filter was used in front of
the photodiode, but when testing AP propellants it was ne-
cessary to account for the radiation emitted by the burning
propellant also into the bandpass of the optical filter.
Therefore, a rotating shutter (chopper) was inserted into
the incident laser beam (see Fig. 4.4). In conjunction with
a look-in amplifier, it allowed the synchronous subtraction
of the background radiation and permitted accurate measure-
ments.

Sec. 4.5 - EXPERIMENTAL RESULTS

Many tests were made with the experimental conditions
summarized in Table 4.1. If the pass-band filtered Doppler
signal, relative to a single scattering particle, satisfies
a number of validation conditions, in terms of amplitude
level and signal to noise ratio, the counter processor mea-
sures the Doppler frequency by means of a zero crossing
method.

Four modes of operation of the counter can be selected.
In this case, with a relatively poor signal to noise ratio,
the best suited mode is characterized by a 2-level valida-
tion and 5/8 comparison. When the Doppler burst exceeds a
pre-set threshold level, the counter proceeds to measure
first 5 and then 8 cycles of the burst and compares the re-
sults. If these differ by less than a preset amount, the
second count is validated and transferred to a buffer in-
terface (DISA, mod. 57G20). This was required in order to
transmit correctly data to the computer. Because the data
are coming randomly from the LDV system and very short in-
tervals may occur between samples, which exceeds the data
transfer capabilities of the syncroneous transfer of data
to the computer, a buffer memory is an integral part of
the interface. The DISA buffer interface can be used as a
transient recorder. After storage in the buffer, the data
in digital form can be read out via the parallel interface
under control of the computer.

The DISA counter delivers three words of data:
a) the Doppler frequency;
b) the time interval between successive samples;
c) the number of fringes traversed by the scattering particles.

All this information is of great importance in the
further processing, if data have to be corrected for velo-
city bias errors (Ref. 6) and the timing of input data
must be reconstructed.

The data acquisition and processing system was based
on a DIGITAL PDP 11/03 minicomputer, equipped with 32
K-words of memory, a dual floppy disc unit, a teletype, a
parallel interface board, and a 12 bit A/D converter with a
multiplexer that can accomodate up to 16 single-ended inputs
and a programmable real time clock.

NF
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A special software was used, intended for transfer
of data from the buffer interface to the computer and a
correct interpretation of results for use in a high level
language. A large group pf Foctrarn programs were than used
for statical reduction of results and graphical representa-
tion.

LDV experiments were preliminarly performed by using
as scattering centers the particles present in the plume
of the burning solid propellant. These experiments showed
that, in general, sufficiently high particle rates are
found in the region near the burning surface.

During preliminary experiments, the velocity time
history was monitored by a storage oscilloscope, after D/A
conversion of the output of the Doppler counter processor.
Fig. 4.6 shows a typical oscilloscope record in which each
point corresponds to a single particle velocity measurements.
Oscilloscope record is triggered by the photodiode signal
(upper trace) and the time span corresponds to a displace-
ment of less than 0.5 mm above the burning surface. The pro-
pellant is a noncatalyzed Double Base (DB) burning at a pres-
sure of 5 atm.

In Fig. 4.7 is shown the velocity trace of a sample of
the same propellant (lower trace), but the record is cover-
ing a larger time interval. The upper trace, in this case,
refers to the pressure, measured by means of a Kistler
quartz transducer mod. 412, equipped with a Kistler Charge
Amplifier mod. 5001. The pressure scale is 1 atm/'iv. It can

noted a slight time variation of the pressure from the i-
nitial value of 4 atm to a final value of 4.8 atm. At this
i,-nt the velocity trace indicates the end of the burning
:r_.i of propellant.

Fig. 4.8 refers to a test with an AP based composite
;.:-pe!lant at a nearly constant pressure of 7.5 atm.

It can be noted that large variations with sharp gradi-
-ts characterize the velocity of the DB propellant in con-

"-:.ction with irregular fluctuations in the particle rate
x.v. the number of points/div. in velocity traces). At ex-
*-tly the same experimental conditions, higher particle
ites and more regular velocity traces were found with the
.P propellant.

To quantify velocity results, data reduction was per-
f med by the minicomputer and the data acquisition proce-
1!-re was activated by a triggering pulse derived by the pho-
•- iode signal. Once the velocity data relative to one test

at 500 velocity measurements) have been acquired into
--,outer memory, they were processed to obtain the mean and
*,, r.m.s, values. It should be remembered that we were in-
' !ested in comparing gas phase velocity and condensed phase
. :nin rate in steady state situation. I i

-.. *. .
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The condensed phase burning rate was measured by stan-
dard techniques but also by the optical method previously
described.

Fig. 4.9 shows an example of the photodiode voltage out-
put (trace 1) that can be related to the relative displace-
ment of the burning surface of the solid propellant by means
of the calibration curve of Fig. 4.5. In Fig. 4.9 the ab-
scissa is the time and the mean burning rate can be easily
deduced. All test runs were performed with an automatic con-
trol system able to keep constant the pressure in the strand
burner within some percent. Trace 2 in Fig. 4.9 is the out-
put of the pressure transducer. Fig. 4.9 refers to a test in
which the rotating shutter was not used.

Accurate measurements of the solid propellant burning
rate were obtained if the burning surface remains flat and
horizontal. To verify this condition, that is also important
in LDV measurer-nts, the strand burner was equipped with a-
nother window to allow high speed cinematography. The camera
(Hitachi 16 HD) is switched on manually, but the trigger
pulse coming from the photodiode activates an event-marker
and a time mark-generator on the film.

Fig. 4.10 shows some frames from one film at 100 fr/s.
It can be easily observed the crossing point of the two la-
ser beams of the LDV system and the burning surface displa-
cement.

In all runs the mean gas phase velocity was compared
with the corresponding condensed phase burning rate measured
by standard fuse wire techniques or optical methods. Results
agree satisfactorily on the basis of a steady state mass ba-
lance:

(4.5.1) U = ?K/Pg =  g Pc/Pg

being pc and Pg the condensed phase and the gas phase densi-
ties, and R the condensed phase burning rate. Typical results
are summarized in Table 4.2, in which mean values of the
measured quantities R and U are reported. For comparison,
values of U evaluated from the measured burning rates are al-
so reported. It must be noted that in all runs a large gas
velocity dispersion (up to 20%) was observed around the mean
value. This is difficult to explain on the basis of fluidy-
namics considerations, but could be due to a polydisperse
particle size distribution and the consequent difficulty for
larger particles or agglomerates to follow accurately the gas
flow. Another critical parameter in the use of the above e-
quation is the gas temperature; this was not directly measur-
ed, but only estimated from available data (Ref. 27).

I-
~
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So far, only tests in a steady state situation at
pressure up to 10 atm were performed, but data collected
suggest the possibility of reasonable measurements of
gas phase velocity also in unsteady conditions. This is

'demonstrated in Figs. 4.11 avid 4.12 in which the velocity
profile near the burning surface is well resolved. In ab-
scissa there is time which is proportional to the surface
displacement. Mean velocity values were evaluated over
about 50 samples and a time window of .25 s. The error
bar is defined by ± s, the standard deviation. Because
the burning rate was about 3 mmi/s, the 1 s time interval
corresponds to a 4 mm displacement over the burning sur-
face. The propellant is a noncatalyzed Double Base (DB)
burning at a pressure of 4 and 7 ata. It is clearly ob-
served the velocity increase near the burning surface up
to a steady state situation.

Sec. 4.6 - CONCLUSIONS

Data collected up to now suggest the possibility of
LDV measurements in the gaseous region above the burning
surface of a solid propellant. So far, only tests in a
steady state situation at pressure up to 10 atm were per-
formed, but experimental work is in further progress.

Some aspects of LDV results arc not completely under-
stood riqht now. The velocity measurements seem to show
more complicated profiles than expected. In fact, compari-

son with shadograph movies (4000 fr/s) at similar test con-
ditions suggests a quasi-monodimensional laminar gas flow,
unless of turbulence time scale well above the movie speed.
The discrepancy with the presumed steady state laminar
flame conditions is likely due to the polydisperse particle
size distribution and the consequent difficulty for larger
particles or agglomerates to follow accurately the gas flow.

To overcome these difficulties, special propellants
- will be tested, seeded with monodisperse alumina particle

and with assigned particle concentration. Moreover, some
modifications of the strand burner, by inserting new larger
windows, will allow a better optical access for shadograph
movies.

To improve the LDV instrumentation, the optics will
be implemented by an higher power laser and a rotable beam
splitter unit that would allow to measure other velocity
components beside the axial.

The possibility of reasonable measurements of gas
phase velocity and burning rate by laser techniques has
been clearly demonstrated in steady-state conditions. LDV
measurements can be extended also to unsteady conditions
and this is a very important result because the LDV is the
only technique capable of space and time resolved measure-
ments in such hostile environmental.

i 'nl II
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TABLE 4.1

Tlypical optical features of the LDV experimental set-up used in this work

Laser wavelength, )~632.8 nin

Cross-angle, )~4.70 0

Fringe spacing = X/(2. sin(P/2)) 7 . 7 r~m 3
Probe volume dimensions 3 x 0.15 x 0.15 mm

Fringe number (effective) 20

Collecting solid angle,SL. 40 60

Dead zone thickness (h =r tgP) 0.25 mm (r 3mm)
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CHAPTER 5 - CONCLUSIONS AND FUTURE WORK

Sec; 5.1 - CONCLUSIONS

A nonlinear stability analysis of solid propellant burn-
ing was carried out, within the framework of a thermal theory
and for quasi-steady gas phase, allowing for finite size di-
sturbances. This required an integral method in reducing the
partial differential equation for the condensed phase heat
transfer to an approximate ordinary differential equation. It
is shown that a nonlinear algebraic function, called restoring
function, can be defined that contains all basic properties of
equilibrium and stability of burning solid propellants. This
function does not depend on time, but only on the nature of
the solid propellant (including its flame) and the operating
conditions (pressure, ambient temperature, and energy exchange
with surrounding). Analysis of the nonlinear algebraic restor-
ing function reveals that two well defined burning regimes ex-
ist, each limited by stability boundaries: the static and the
dynamic regimes. Of these two, the region of dynamic burning
is wider, in that under dynamic conditions propellant may
pass through a region which is statically forbidden but dyna-
mically stable.

The static regime can be observed experimentally and
therefore can be studied also in the framework of Zeldovich
approach. The statically stable steady solution is either
stationary or self-sustained oscillating. The static burning
boundary is defined as that ultimate burning condition, at
constant pressure and for a given set of operating conditions,
below which steady solutions are no longer found. Pressure de-
flagration limit is defined as that minimum pressure, for a
given set of operating conditions, below which steady solu-
tions are no longer statically stable. Methods are suggested
as to the prediction of both static boundaries.

The dynamic regime cannot be observed experimentally in a
stationary mode and can only be studied in the framework of a
flame model. In general, a lower (burning rate below the stea-
dy value) dynamic stability boundary is always found, except
for large enough ambient temperature and/or (external) radiant
flux. Moreover, for each propellant an appropriate combination
of pressure and surface heat release exists for which lower
and upper (burning rate above the steady value) dynamic stabi-
lity boundaries are found. The lower dynamic stability bounda-
ry is defined as that ultimate burning condition beyond which
extinction necessarily follows during a burning transient.The
upper dynamic stability boundary implies vigorous accelera-
tions of the combustion wave, possibly followed by dynamic ex-
tinction.

It is shown that the lower dynamic stability boundary

holds true both for deradiation and/or depressurization, for
opaque as well as transparent condensed phase, for fast dece-
leration of the combustion wave (e.g., by depressurization)
as well as for fast acceleration (e.g., by pressurization) if
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an excessively large burning rate overshoot is attained. The
lower dynamic stability boundary was determined as an asy~mp-
totic (in time) boundary for arbitrary but levelling off ex-
ternal controlling parameters and instantaneous boundary for
monotonically decreasing external controlling parameters. If
no change in time of the external controlling parameters oc-
curs, the propellant is only subjected to random intrinsic
disturbances and the static stability analysis apply. If the
effect of the time change of the external controlling para-
meters (nonautonomous function) is negligible compared to
the restoring function, the lower dynamic stability boundary
collapses to the range of influence of the statically stable
equilibrium configuration and therefore holds true for. any
time (even finite) and for any external law (even non mono-
tonic or levelling off).

MTS, KTSS nonlinear, KTSS linearized, KZ, and LC unstea-
dy flame models were implemented in this study. While KTSS
linearized, KZ, or LC are of no value for burning rate less
than about 90% of the steady state value, very reasonable
and similar results are displayed by MTS and KTSS nonlinear.
However, MTS flame model is considered superior since it
accounts also for chemical kinetics (but it requires two con-
stants to be evaluated).

The order of the polynomial chosen to approximate the di-
sturbance thermal profile in the condensed phase does not af-
fect qualitatively the shape of the restoring function. A cu-
bic law was found to give accurate predictions for pressures
up to about 30 atm; a quadratic law may be more appropriate
for larger pressures. This point is under investigation.

The validity of this nonlinear stability theory was veri-
fied by computer simulated transients. In general, excellent a-
greement was found between the analytical predictions and the
numerical results obtained by integration of the governing par-
tial differential equation. Numerical values are given only for
a particular, ammonium perchlorate based, composite propellant.
It is felt, however, that all analyses were conducted from abroad point of view and, therefore, the conceptual findings may
be extended to other types of solid propellants, provided a pro-
per flame model is employed. The point we wish to make is that
the numerical integration of the basic set of equations in terms
of the PDE suggests the existence of a no-return point for fast
transients and defines its value by a trial and error procedure.
The values obtained in several different configurations are in
excellent agreement with the predictions made from an analysis
of the approximate ODE describing the system. This also con-
firms that the static stability boundary, as determined for ex-
ample in the Zeldovich approach, has no relevance in dynamic
disturbances of finite size.

,
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The above result of detecting recovery points down to Gse0.6
is important only to the extent to which it illustrates the val-
idity of the analytical developments of this report. Indeed, it
is very questionable whether chemical processes are still active
at such low surface temperature. Moreover, heat loss mechanisms
are very likely not negligible in that surfare temperature ran-
ge. All this implies that more sophisticated flame models have
to be considered, if one wishes accurate results in the marginal
domains of burning. Incidentally, it was observed that changes
in the decay rate are most effective in affecting the overall
fate of the dynamic history if realized in the early portion
of the transition.

It is felt that conclusive evidence was offered for: (1)
the existence of several static burning regimes (stationary
burning, damped oscillatory burning, self-sustained oscilla-
tory burning, extinction); (2) the capability of the proposed
theory to predict pressure deflagration limit even for adiaba-
tic combustion waves. In conclusion, the nonlinear static re-
storing function cantains all basic properties of equilibrium
and asymptotic (both static and dynamic) stability of burning
solid propellants, even for finite size disturbances,provided
that the external forcing terms are monotonic or level off intime.

Experimental work is in progress. Three different solid
propellants are being characterized: an ammonium perchlorate
based composite, a catalyzed double - base, and a noncatalyz-
ed double - base. Steady state burning rates are measured in
a strand burner; thermal profiles in the condensed phase and
radiative emissions are detected; pictures and high speed mo-
vies are taken. Depressurization and pressurization tests are
conducted respectively in a specifically designed strand bur-
ner and piston tube. Laser doppler anemometry is applied to
burning propellants to measure the gas velocity in the plume
of the sample. Experimental results so far obtained qualitati-
vely agree with the theoretical predictions.

Ii
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Sec. 5.2 - FUTURE WORK

* The delicate assumption of a polynomial space dependence
of the disturbance thermal profile has to be further investi-
gated. Other quasi-steady models shall be tested and compared;
but the auasi-steady gas phase assumption has to be properly
qualified. The Zeldovich approach shall be examined and in-
cluded in the proposed nonlinear combustion stability theory.
Variable thermal properties in the condensed phase shall be
accounted for. Considering the iiportance of the condensed
phase heat release, the assumotions of concentrated chemical
reactions at the burning surface shall be dropped. Exact pre-
dictions of the oscillating burning period have yet to be
proposed. Extension of the propozcd theory to the igniticn pro-
blem will be continued. Extension of both, stability theory
and computer simulated tests, to high pressure range (above
60 atm) and low pressure range (below 1 arm) will be done.
Very likely, the subatmospheric pressure range will require
a careful choice of the flame model, including its steady
state aspects.

Experimentally, further data on conbustion vs extinction
will be furnished both from depressurization strand burner
and piston tube. This should allow a quantitative comparison
between predicted and experimentally observed dynamic stabili-
ty boundaries. Further data are also expected from the laser
doppler velocimetry apparatus. The behavior of the steady de-
flagration wave at low pressure is of particular interest;
more sophisticated diagnostic techniques are planned.
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